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Abstract 
Abstract 
M. Simmons 
Cadmium coatings are currently applied to steel fasteners used in aerospace 
applications. At present there are growing concerns, based on cadmium's toxicity and 
carcinogenicity, which may lead to its eventual banning. The aim of this research, 
therefore, was to find a possible replacement to electrodeposited cadmium for use on 
aerospace fasteners. Any replacement coating system should have all of the relevant 
properties that make cadmium so attractive, but without its obvious shortcomings. 
These beneficial properties include excellent corrosion resistance in chloride 
containing media (such as seawater), the ability to offer sacrificial protection to steel, 
excellent galvanic compatibility with most aluminium alloys and an inherent lubricity. 
Alternatives proposed and produced in this research are electrodeposited composite 
coatings containing PTFE particles, based on zinc or zinc alloys. Extensive analysis 
was carried out in order to characterise the coatings. Composition was determined by 
a number of methods; gravimetric analysis was used to determine the percentage of 
codeposited PTFE, while X-ray and X-ray wavelength energy dispersive analysis 
were used to determine the percentage of alloy element present in these coatings. 
Coating morphology was investigated by scanning electron microscopy. The 
sacrificial corrosion performance of each coating in relation to steel was studied using 
neutral salt-spray tests, while linear polarisation resistance tests gave an indication of 
their barrier corrosion properties. Galvanic compatibility of the coatings with 
aerospace grade aluminium alloys was investigated using a zero resistance ammeter. 
Two different tribological tests, an inclined plane test and a reciprocating wear test, 
were used to determine the coefficient of friction for the coatings. Finally, linear 
sweep voltammetry was used to compare the kinetics of electrodeposition from dilute 
solutions and corrosion in aqueous media for each of the coating systems. 
The composite coatings were found to offer either similar or slightly reduced 
corrosion performance to conventional zinc and zinc alloy coatings, but were inferior 
to commercially electrodeposited cadmium. However, the tribological properties of 
these coatings demonstrated a marked improvement over cadmium. 
Ke, wýords: 
Electrodeposition; Zinc; Zinc alloy(s); Composite electrodeposition; Cadmium; PTFE 
composite(s); Sacrificial coating(s); Lubricity. 
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a Particle shape factor 
A Apparent area of contact 
Ap Area of plastic flow 
Ar Real area of contact 
Ao Initial value for real area of contact 
b Rate of agitation 
B Volume percent embedded particles 
c Constant (tribology) 
C Cleanliness factor of a surface. C=1 for perfectly clean surfaces. 
C,,, Bulk concentration of metal ions 
C,, Number of metal ions in bulk solution 
CP°° Particle concentration of the bulk electrolyte 
Cp* Number of particles in bulk solution 
CS Concentration of electroactive species adsorbed on particle surface 
d,,, j Maximum beam deflection 
Dill Diffusion coefficient of metal ions 
e Fractional value varying between 0.66 and 1 
Epp Primary passive potential 
AE Change in potential 
F Faraday's constant 
Fadhesion Friction force required to shear newly adhered asperities 
Fdefor, nation Friction force required to deform surfaces due to ploughing of hard 
asperities through a soft matrix 
FF Total friction force 
FT Tangential force 
g Constant - Acceleration due to gravity 
h Beam thickness 
H Term accounting for electrolyte hydrodynamic effects. H=1 for laminar 
conditions. H=0 for highly turbulent conditions. 
i Current density 
icorr Corrosion current density 
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i1i. Diffusion limiting current density 
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spass Current density upon passivation of a surface 
ipk Peak current density 
i« Transition current density 
io Exchange current density 
1 Moment of inertial of beam 
k Number of reduced ions at the cathode 
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k' Constant (composite electroplating) 
k° Standard electrochemical reaction rate constant 
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K Total number of ions at the cathode 
lb Length of beam 
L Load 
Mass, 
n Total mass of deposited metal (theoretical metal mass determined from Faraday's 
Law) 
Masse Total mass of codeposited particles 
M,,, Molecular weight of electrodeposited metal 
MY Young's modulus of elasticity 
n Valence of electrodeposited metal 
N* Collision rate of particles suitable for codeposition 
N1, Number of metal ions crossing diffusion layer per unit time and per unit 
of surface area 
Np Number of particles arriving at the cathode surface 
p Probability of a particle crossing the diffusion layer 
p(klK j) Probability that at least k out of K adsorbed ions are reduced 
pi Probability that one ion is reduced at a current density i 
P Contact pressure 
Pp Plastic flow pressure 
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Introduction 
Cadmium is an important metal which, until recently, found widespread use 
throughout industry in a broad range of products and applications, such as 
electroplating, pigments, polymers, Ni-Cd batteries, TV tubes, solar cells, various 
alloys, fungicides and as a catalyst. When applied as a coating to steel, cadmium has a 
number of properties that make it very attractive to industry. These include excellent 
corrosion resistance in chloride containing media (such as seawater), its ability to 
offer sacrificial protection towards steel, excellent galvanic compatibility with most 
aluminium alloys and its inherent lubricity. These properties mean that cadmium is 
extremely important to the aerospace industry for the corrosion protection of threaded 
fasteners made from steel. Additionally, cadmium demonstrates good electrical 
conductivity, which makes it particularly well suited for use in electrical contact and 
switchgear applications. However, since the 1960's, and despite these beneficial 
properties, there have been growing concerns regarding the metal's toxicity and 
possible carcinogenicity. Legislation has reflected this, and limited the use of 
cadmium to products and components for the aerospace, mining, offshore and nuclear 
industries where high safety standards are demanded. It also finds some use on 
electrical contacts where high reliability is paramount. Where cadmium is still used, 
stringent environmental controls exist to prevent pollution from the metal itself and its 
by-products resulting from industrial processing. This makes cadmium an expensive 
metal to work with, and thus it is becoming an increasingly less economic material to 
use. Cadmium is widely electrodeposited using cyanide electrolytes, further 
compounding the environmental and health concerns noted above. Additionally, 
significant levels of hydrogen are evolved during these electroplating processes, 
which leads to embrittlement of high strength steel and titanium components. 
Therefore, over the past few years, a great deal of work has been carried out to find an 
alternative to electrodeposited cadmium. Some of the alternatives suggested include 
electrodeposited zinc and zinc alloys, aluminium coatings (non-aqueous 
electroplating, PVD/CVD, sputtering, or metal spraying), organic-metal flake coatings 
(e. g. DachrometTM), and more recently electrodeposited zinc/graphite composite 
coatings. Electrodeposited zinc alloys, in particular, provide the beneficial corrosion 
properties associated with cadmium coatings, but their tribological properties are 
inferior. 
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The main aim of this work, therefore, was to produce a coating suitable for 
application to threaded fasteners that possesses similar corrosion and tribological 
characteristics to those of cadmium. Any potential replacement should address the 
toxicological issues associated with cadmium and negate the need for deposition from 
cyanide based electrolytes. 
The first part of this work presents a review of the literature, with the initial sections 
providing a general overview of cadmium, its uses, toxicology and potential 
replacements. Following these is a comprehensive review of composite coatings 
technology, covering both electroless and electrolytic deposition of these materials, 
their properties, uses, factors governing particle codeposition and models explaining 
codeposition in electrolytic systems. Further to this, a brief section discussing the 
principles of zeta potential and its effects on electrophoresis is presented in relation to 
particle codeposition in composite electroplating. This is followed by a brief review of 
pulsed electroplating and its effects on particle codeposition. Next, a critique on the 
fundamentals of tribology and friction science is presented before finally closing the 
literature review with a brief section discussing solid lubricants. 
Preliminary experimental investigations were concerned with the deposition of zinc 
alloy coatings containing either cobalt or nickel. Zinc-cobalt alloys were deposited 
from simple acid sulfate and alkaline zincate type baths, while simple sulfate and 
chloride baths were used to deposit zinc-nickel alloys. Zinc-nickel coatings were also 
produced from `Corroban'; a proprietary electrolyte often used in industry. The next 
stage of this work was to investigate the feasibility of producing composite coatings 
containing submicron sized (approximately 0.2µm diameter) PTFE particles. The 
initial stages of this work were carried out using alkaline zinc electrolytes containing 
commercially available non-ionic PTFE dispersions. Bath agitation was required to 
prevent sedimentation of the particles with time, and three different types were 
compared (mechanical stirring, air sparging and vibratory agitation), with a vibratory 
method proving to give greater particle codeposition. Although the vibratory agitation 
increased particle codeposition, this was still considered too low to be of benefit, so a 
sedimentary deposition technique was also investigated. Codeposition was found to be 
increased, but at the expense of coating quality (i. e. the deposits appeared dark and 
powdery, even at low current densities), so this technique was not deemed 
satisfactory. Additionally, when the non-ionic PTFE dispersion was added to an 
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alkaline zinc-cobalt bath, very low rates of codeposition were obtained. Therefore, 
acidic systems were investigated, allowing the use of cationic PTFE dispersions, 
which allowed the deposition of coatings containing substantially increased 
percentages of PTFE. Using this acidic system, it proved possible to deposit 
composites having zinc, zinc-cobalt or zinc-nickel matrices, although PTFE 
suppressed deposition of the more noble metal in those composites having a zinc alloy 
matrix, as also found during cathodic polarisation studies. This proved problematic for 
the zinc-nickel/PTFE coatings, since these did not offer good corrosion performance 
in neutral salt-spray tests. However, the corrosion performance of zinc-cobalt/PTFE 
composites remained unaffected. Galvanic compatibility of the zinc and zinc-cobalt 
alloy coatings deposited from acid electrolytes (both with and without codeposited 
PTFE particles) with two aerospace aluminium alloys (2014-T6 and 7075-T6) was 
determined using a zero resistance ammeter. The results of these tests were compared 
with those of electrodeposited cadmium coatings, and the effect of coupling on the 
corrosion rate of the aluminium alloys was determined from weight loss 
measurements. This latter work allowed ranking of the coatings with respect to their 
galvanic compatibility with the aluminium alloys. Inclined plane friction tests, using 
apparatus designed and built `in-house', showed that the coatings containing PTFE 
had much lower coefficients of friction than the conventional coatings investigated, 
even lower than that shown with electrodeposited cadmium. This was further 
supported in reciprocating wear tests, carried out at DERA Pyestock, where the 
composites having zinc and zinc-cobalt matrices demonstrated similar frictional 
behaviour to cadmium after an initial `running-in' period. Pulsed electrodeposition of 
the zinc and zinc-cobalt composites was also investigated to determine what effect, if 
any, this technique had on the composition of these coatings. Cathodic polarisation 
tests were carried out in dilute electrolytes similar to the electroplating baths, in order 
to obtain mechanistic information regarding the deposition of these coatings. As 
mentioned above, these studies were particularly of benefit in verifying early 
observations that PTFE suppressed deposition of the more noble alloy element found 
in those composites having a zinc alloy matrix. This work was closely related to the 
anodic polarisation studies, which were carried out in 3.5% NaCl solution, in order to 
obtain mechanistic information regarding the corrosion behaviour of these coatings. 
Finally, the coatings were evaluated with respect to their suitability as a cadmium 
replacement (in relation to their barrier, sacrificial and galvanic corrosion 
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performance, tribological performance, cost and visual appearance), along with 
suggestions for further work, and other potential uses for the coatings. 
Project Aim 
The aim of this work was to find a replacement to electrodeposited cadmium for 
application on threaded fasteners as used by the aerospace industry. Any potential 
replacement should possess similar corrosion and tribological characteristics to those 
of cadmium, but without the toxicological disadvantages or the need for deposition 
from cyanide based electrolytes. It was believed that by combining the good corrosion 
properties of electrodeposited zinc alloys and the excellent tribological properties of 
PTFE in the form of an electrodeposited composite coating, a non-toxic alternative to 
cadmium could be found. 
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1 Cadmium 
Chemical symbol - Cd 
Atomic number - 48 
Atomic weight - 112.41 
Density - 8.642g11 
Melting point - 320.9°C 
Cadmium, is a soft and ductile transition metal found in group IIb of the periodic 
table. It is white in colour with a blue tinge. The metal is less reactive than zinc in 
water and air, and as such maintains its lustre even after exposure to such 
environments. It is one of the rarer elements found in nature, occurring in the earth's 
crust at an average concentration of about 0. l5ppm. It was not discovered as an 
element until 1817, and large scale refining only dates back to the late 1940's. 
The metal is commonly found accompanying zinc in a zinc/cadmium ratio of 
approximately 100: 1, and as such it is recovered as a by-product from the smelting 
and refining of zinc ore. In 1970, total world production amounted to 16 000 tons, and 
rose to an estimated 18 000 tons in 1981i' . Cadmium 
is an important metal which, 
until recently, found widespread use throughout industry in a broad range of products 
and applications such as electroplating, pigments, polymers, Ni-Cd batteries, TV 
tubes, solar cells, various alloys, fungicides and as a catalyst. Table 1 shows the 
largest end users of cadmium in the USA, Japan and Sweden. 
Country Largest end user 
USA Electroplating 
Japan Pigments, polymer stabilisers 
Sweden Polymers (pigments and stabilisers), accumulators (batteries), 
electroplated articles, goods containing cadmium based alloys 
Table 1, Cadmium usage patterns in 198111. 
1.1 Cadmium As A Pollutantt'1 
Cadmium can be released into the environment from a number of different sources, 
such as the smelting and refining of metallic ores, large scale use of material in which 
cadmium is an impurity (e. g. coal, phosphate fertilisers, zinc products, etc. ) and 
electroplating. Smelting and refining of ore, electroplating and the manufacture or 
reprocessing of cadmium containing alloys accounted for approximately 90% of the 
total US cadmium emissions in 19681". Further details on the typical concentrations 
5 
Literature Review - Cadmium Electroolatina M. Simmons 
and forms of cadmium as an atmospheric, terrestrial or aquatic pollutant can be found 
in Appendix A. 
1.1.1 United Kingdom Environmental Release Limits For Cadmium 
In a publication issued by Her Majesty's Inspectorate of Pollution [2j, maximum 
airborne releases of cadmium were set at 0.05mg/m3 for processes involving the use 
of cadmium or any of its compounds. 
According to this literature, releases to aquatic environments should be prevented, but 
where this is not possible, the release should be "minimised and rendered harmless". 
A great deal can be done to minimise emissions, such as recycling or re-using waste 
and contaminated water. Technology, such as partial ion exchangers in more modern 
plant, exists to segregate; treat and completely recycle contaminated water so that 
emissions are practically zero. Emissions for new plant should be no greater than 
0.05mg/l. However, authorisation for releases into waters controlled by the National 
Rivers Authority (NRA) is needed, and the NRA ultimately has the power to set limits 
on these discharges. Similarly, releases to sewers are also subject to stringent controls, 
with consent from the Sewerage Undertaker being necessary. 
No limits were specified for land releases, except to say that emissions should be 
minimised by recycling and re-use wherever possible, and disposal of controlled 
substances should be made to a licensed waste management facility. 
1.2 Cadmium Toxicology 
During the 1960's there was increasing concern that cadmium might be related to 
cancer of the prostate, due to a rise in the number of deaths from this disease among 
male workers exposed to the metal. Cancer of the prostate is very rare among men 
under the age of 50, and is believed to be strongly influenced by hormonal status. 
There are also large variations in the occurrence of this disease between different 
countries of the world. Suggestions from various sources have been made which 
relate prostate cancer to race, occupation, sex-life, socio-economic status, dietary 
habits (nutrition), marital status and even religion. It has also been proposed that the 
intake of alcohol may have beneficial protective effects, since the incidence of 
prostate cancer was said to be lower among patients with liver cirrhosis [31 (a disease 
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of the liver which interferes with its function and the circulation of blood and bile). A 
decreased breakdown of oestrogen is thought to be the reason for this. 
Due to the concerns mentioned above, a number of studies were conducted to 
investigate the possibility of a connection between cadmium and cancer. These 
included studies of the occurrence of cancers in humans occupationally exposed to 
cadmium [`""1, and controlled laboratory tests on rats, mice and hamsters [3,18-221 . The 
studies on humans found increased incidence of prostate and respiratory tract cancers, 
while cumulative exposure has been linked to lung cancer. Tests on animals did not 
provide any further evidence of prostate cancer upon exposure to cadmium, but 
increased incidence of lung cancer was found. Additionally, the tests on animals 
found some testicular damage to occur. The International Agency for Research on 
Cancer, IARC19' concluded that; "Available studies indicate that occupational 
exposure to cadmium in some form (possibly as oxide) increases the risk of prostate 
cancer in man. In addition, one of these studies suggests an increased risk of 
respiratory tract cancer". More detailed discussion of these studies can be found in 
Appendix A. 
1.3 Cadmium Electroplating 
Cadmium electroplating is usually carried out in alkaline cyanide solutions at 
temperatures in the region of 15-30°C, with cadmium concentrations in solution being 
as high as 25%. Stringent controls applied to the use of cyanides, from a health and 
safety viewpoint, are an obvious drawback of this process. However, there is yet 
another problem, with the hydrogen embrittlement of coated steel, which needs 
subsequent heat-treatment, but such problems are also encountered with many other 
electroplating systems. For ultra-high strength steels, cadmium deposition is usually 
carried out under a vacuum to prevent hydrogen embrittlement. Alternatively, acidic 
fluoroborate solutions can be used to prevent the build-up of internal stresses within 
steel components. After coating, components are usually rinsed in a drag-out tank to 
remove any residual electrolyte. This often causes the original bath electrolyte to 
become depleted in metal ions, therefore cadmium compounds are added either as a 
solid or in solution form. Post-treatment such as etching, passivation and/or 
brightening can be carried out as necessary. Current regulations restrict the use and 
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sale of cadmium electroplated items mainly to the aeronautical, aerospace, mining, 
offshore, nuclear and safety sectors. 
During the overall process, there are a number of opportunities for the release of 
cadmium into the environment. Possibly the most important of these are releases from 
drag-out tanks. The next major potential source is from post-treatment of the coatings. 
Such releases can be minimised by the recycling of all solutions, and the treatment of 
wash water by processes such as electrolytic recovery, ion exchange or membrane 
processes. These can be used individually or in combination. Accidental releases may 
also result during the addition of cadmium compounds to the plating solution for 
adjustment of cadmium levels. 
1.3.1 Advantages And Disadvantages Of Electrodeposited Cadmium 
Cadmium currently finds widespread use in the aerospace industry for the corrosion 
protection of airframe components and fasteners made from steel, military equipment, 
naval or marine applications, electrical connectors, the nuclear industry and other 
safety critical applications. 
It offers excellent barrier protection when used as a coating, especially in marine 
environments, and chromate passivation extends this capability even further. As can 
be seen from Figure 1, the metal has good sacrificial properties, with an open-circuit 
potential more negative than that of steel, but similar to that of aluminium and its 
alloys. This is particularly important in providing sacrificial protection towards coated 
steel components, while reducing the risk of damage to aluminium aircraft structures 
through galvanic interactions. As mentioned above, cadmium has excellent corrosion 
performance in marine atmospheres (i. e. chloride containing environments), offering 
significant benefits over zinc. However, in sulfurous industrial atmospheres its 
corrosion performance is inferior to that of zinc. Cadmium corrosion products are 
white like those of zinc, but not as voluminous. This is beneficial in overcoming the 
problem of seizure commonly associated with zinc coated fasteners. 
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Figure 1, Open-circuit rest potentials for various metals in 600mmol/l quiescent 
NaCl solution at 25°C[231. 
Cadmium also has a high inherent lubricity, which is a particularly important 
consideration for coated fasteners since only moderate torque values are needed to 
obtain the required bolt clamping load, even without the use of lubricants. This has a 
beneficial second effect, in that the coating is more likely to remain intact after 
subsequent tightening and untightening cycles. Cadmium is easily soldered and 
compatible with most types of solder without the use of aggressive fluxes. It has a low 
electrical resistance, offers a good base for subsequent painting and damaged coatings 
can be repaired easily by means of brush plating. The advantages and disadvantages 
of cadmium electroplating are summarised in Table 2 below. 
Advantages Disadvantages 
" Good barrier against corrosion " Toxicity 
" Sacrificial coating " Electrodeposition from cyanide baths 
" Galvanically compatible with " Embrittlement of steel at elevated 
aluminium and its alloys temperatures 
" Good surface lubricity " Embrittlement of titanium 
" In-situ coating repair by brush plating " Hydrogen embrittlement associated 
" Good paint base with the electroplating process 
" Easily solderable " Cost of waste disposal 
" Low electrical resistance " Low corrosion resistance in sulfurous 
" Good ductility atmospheres 
Table 2, Advantages and disadvantages of cadmium electroplating (adapted from 
BALDWIN et a! 1231). 
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Despite all of these excellent properties, current legislation dictates that cadmium 
usage must be reduced to minimal levels, and attempts to ban the metal entirely in 
some countries, notably Sweden, have failed because no direct substitute exists. A 
1989 EEC draft proposal [241 stated that the use of cadmium should be banned on 
equipment and machinery for use in the food industry, agriculture, household goods, 
general engineering and many other applications. Specifically excluded from this 
were products and components used in aerospace, mining, offshore and nuclear fields 
whose applications demand high safety standards, and safety parts for trains, boats, 
road vehicles and agricultural vehicles. In addition, electrical contacts in any sector of 
use were excluded for reasons of reliability. However, in 1991 there were still 1166 
companies electrodepositing cadmium in the USA alone [251. 
As discussed previously, there has been growing concern over the toxicity of pure 
cadmium and its compounds, so discharge of waste and effluent from industrial 
processes is subject to stringent controls. Discharge levels have fallen over the last 
thirty years and are currently extremely low. An EEC directive passed in September 
1983 set effluent discharge limits at 0.5ppm for January 1987 and by January 1988, 
these limits were to be reduced to 0.2ppm. This affects the electroplating of cadmium 
quite significantly, since waste solutions have to go through several treatments in 
order to remove all traces of the metal before their discharge, making cadmium a 
relatively expensive metal to electrodeposit. 
1.4 Alternatives To Electrodeposited Cadmium 
A great deal of work has been carried out to find a suitable replacement for cadmium, 
and HADLEY[261 stated, in 1991, that this search for alternatives was "likely to be a 
continuing trend". A number of different coating types have been assessed for this 
purpose, these generally being based on either zinc alloy electrodeposits, aluminium 
coatings, or composite coatings consisting of metallic particles in an inorganic matrix, 
often based around phosphates and/or chromates. 
1.4.1 Zinc Alloy Electrodeposits 
As can be seen from Figure 1, both zinc and cadmium are more electro-negative than 
steel and should theoretically offer suitable sacrificial protection. However, there are 
problems associated with the voluminous corrosion product formed on zinc that can 
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lead to the seizure of threaded fasteners. Also, if the coating is damaged in any way, 
rapid galvanic corrosion occurs, reducing the overall level of protection. For these 
reasons, small additions of metals more noble than steel (e. g. nickel, cobalt, and tin) 
are made to create zinc based alloys. Reviewed below are some of the more popular 
zinc based alloys, but other less well documented systems exist, such as zinc- 
chromium, and zinc-manganese. 
1.4.1.1 Zinc-Nickelt27,281 
These alloys have found widespread use throughout the USA and Japan in the 
automotive and aerospace industries. They can be deposited from either acidic or 
alkaline solutions, which are typically based around sulfate and/or chloride salts, 
without the addition of cyanides. 
Acid solutions, used predominantly in Europe, employ a dual anode system to 
replenish spent ions in solution and are usually based on sulfate, chloride or sulfate- 
chloride type chemistry. They tend to give deposits containing high nickel 
concentrations of 8-15wt. % nickel which are non-uniform due to poor current density 
distributions. 
Alkaline baths were developed primarily to obtain more uniform alloy compositions, 
and typically give deposits containing 5-9wt. % nickel. The electrolytes are closely 
related to non-cyanide alkaline zinc baths. Dual anodes are commonly used, however, 
some alkaline systems use a single zinc anode where nickel ions need periodic 
replenishment by the addition of a concentrate. 
Generally, low percentage nickel alloys act in an anodic (i. e. sacrificial) manner over 
steel, but the higher percentage alloys behave more cathodically, offering barrier 
protection in a manner similar to that of pure nickel over steel. Optimum corrosion 
resistance is reported to be found with between 10-15wt. % nickel, with different alloy 
phases being formed at differing compositionst29'301. In the review by WATSON1291, it 
was stated that alloys containing 10-17wt. % nickel consist of a single 'y-phase, while 
those containing less than lOwt. % nickel are a mixture of y- and r-phases, and alloys 
with greater than 17wt. % nickel are a mixture of y- and a-phases. The deposits are 
often micro-cracked, particularly after heat-treatment at 200°C. However, these cracks 
can be beneficial in allowing entrapped hydrogen to escape, and do not appear to be 
11 
Literature Review - Cadmium Electroplating M. Simmons 
detrimental to corrosion behaviour1291. The 12wt. % nickel alloys are of particular 
interest as a potential replacement for cadmium, since their electrochemical potential 
is similar to that of aluminium and its alloys, and cadmium. Zinc-nickel 
electrodeposits can be chromate passivated with ease, except for the 12-15wt. % nickel 
alloys, which are slightly more difficult. Chromating is said to prevent dezincification 
of the alloy. 
1.4.1.2 Zinc-Cobalt127'281 
Zinc-cobalt alloys share many similarities with zinc-nickel alloys, and are beginning 
to find use in the aerospace industry. Usually, ammonia-free mild acid-chloride 
electrolytes are used, which give deposits containing 0.25-0.9wt. % cobalt. Such 
solutions predominate in the USA. A single zinc anode is used, and cobalt ions are 
replenished by adding small amounts of cobalt salt. 
Alkaline cyanide-free solutions are less widely used, but alloy compositions of up to 
4wt. % cobalt have been reported. Like the acid solution, only zinc anodes are used, 
and cobalt levels are maintained in solution by the periodic addition of cobalt salts. 
SHORT et a11301 stated that 4-8wt. % cobalt gave optimum corrosion resistance. 
However, for commercial reasons alloys containing much less cobalt (between 0.6 
and 1.2wt. %) are used. Additional corrosion resistance can be achieved by chromate 
passivation of the deposits, with blue, yellow, green and black coloured films being 
possible. However, the olive drab colour attainable with chromated cadmium is not 
possible on zinc-cobalt alloys containing greater than 0.4wt. % cobalt, although the 
colours are more stable than those of cadmium. 
1.4.1.3 Tin-Zinc [27,281 
Unlike the previous two coating systems, tin-zinc alloys can be deposited from three 
types of solution; acidic, alkaline or neutral. They are widely found in electrical 
contacts and switching systems. 
A proprietary acidic bath operated at a pH of approximately one is claimed to produce 
deposits from a matt to mirror bright finish. 
Another proprietary process, this time based on a highly alkaline solution, operates 
with a tin-zinc alloy anode that must maintain its anodic film during electroplating. 
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A neutral electrolyte, developed in Japan, operating at a pH in the region of 6.5-7, 
gives deposits containing 70wt. % tin, with low current density regions tending to 
favour the deposition of tin. The deposit formed is not adversely affected by soldering 
operations, and can be formed by bending or crimping without affecting corrosion 
performance to any appreciable degree. It can also be chromated to form an iridescent 
yellow film. It should be noted here that BOOSEý311 stated that alloys with a high tin 
content could not be chromated due to the formation of an adherent passive film on 
the coating surface. 
While the corrosion performance of tin-zinc alloy electrodeposits are superior to zinc 
in both salt-spray and sulfur dioxide exposure tests, they offer fewer benefits in 
relative humidity type tests. 
1.4.1.4 Zinc-Iron 
Zinc-iron alloys have received considerable interest in USA, and have already found 
use by Japanese automobile manufacturers. 
Either chloride or sulfate based baths can be used to deposit zinc-iron alloys, but both 
tend to suffer from the formation of ferric ions in solution, usually in the form of 
ferric hydroxide. Additions of citric acid to the chloride bath, to complex the ferric 
ions, tends to alleviate this problem somewhat, while sulfate solutions benefit from 
metallic additions. Generally, the chloride solutions are favoured due to their higher 
conductivity and hence greater cathode current efficiency. Alloys with a high iron 
content appear to give irregular surface morphologies with a tendency to form cracks 
as the iron content increases further. At very high iron contents, the morphology 
becomes smooth and bright. ADANIYA et a! t321 noted that different phases form with 
varying composition. Below 10% iron, the deposit is purely 71-phase, while at 
approximately 18% it is 8i. Between 25-40% iron, a 17-phase forms and finally for 
coatings containing greater than 50% iron, the alloy is purely a-phase. It is the low 
iron content il-phase which is associated with good physical characteristics, such as 
workability. 
The deposits can be chromated to give a non-iridescent black finish, and as mentioned 
above, Japanese automobile manufacturers have already adopted this coating system. 
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However, it is only used in the passenger compartment due to radical changes in 
corrosion behaviour at temperatures above 250°F (approximately 120°C). 
1.4.2 Aluminium Coatings [23,26 
Aluminium coatings can be produced by a number of methods, such as 
electrodeposition, vapour deposition, sputtering and metal spraying. The first of these, 
electrodeposition, is not carried out in conventional aqueous electrolytes, but from 
solutions containing non-aqueous solvents, and in an inert nitrogen atmosphere. The 
coatings obtained are typically very dense and exhibit good substrate adhesion. 
Aluminium can be sprayed, but this process is not widely used for aerospace 
applications due to the difficulty in achieving fine thickness control. 
For aerospace applications, aluminium is usually deposited by one of the physical 
vapour deposition (PVD) techniques, e. g. the McDonnell Douglas IVADIZEFM process 
which is an ion-vapour deposition process. Coatings produced by these methods offer 
good substrate adhesion but tend to be porous, due to possessing a columnar grain 
structure, and as such need peening with glass beads to seal these pores. Recent work 
at the University of Salford has seen the use of unbalanced magnetron sputtering 
(UMS) techniques for coating components with aluminium[251. It is also possible to 
deposit aluminium-magnesium alloys using this method. The main advantage of UMS 
techniques is that the coatings produced are very dense, and as such do not require 
shot peening. 
One point of note is that whichever method has been used to deposit aluminium, the 
resultant coating can be chromate passivated to provide additional corrosion 
protection and provide a surface for enhanced paint adhesion. 
1.4.3 Metal-Inorganic Composite Coatings (23) 
Metal-inorganic composites are also thought to be suitable alternatives to 
electrodeposited cadmium. A sacrificial metal is incorporated into an inorganic matrix 
in flake or powder form. The matrix is usually based around a phosphate and/or 
chromate slurry. Coatings such as these are often applied by dip-spin or dip-drain 
procedures and then baked to consolidate the structure. Typical proprietary processes 
are SermeTe[rM and DachrometTM 
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1.4.4 Electrodeposited Composite Coatings 
The majority of reviews on cadmium replacement do not tend to consider the use of 
composite electrodeposits for its replacement, but work carried out during the 1980's 
demonstrated that electrodeposited composite coatings could be a viable 
alternative [331. This composite was based on zinc containing fine colloidal graphite 
particles. Figure 2 shows some results from torque-tension tests measuring the 
coefficient of friction for the coatings. This shows that indeed, the tribological 
requirements for a potential cadmium substitute were met. However, this coating did 
not demonstrate particularly good corrosion performance. 
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Figure 2, Friction coefficient for zinc/graphite composite coating [331. 
The following section will discuss the formation and potential applications of these 
novel coatings. 
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2 Composite Electrodeposition 
2.1 Introduction To Composite Materials And Composite Coating 
Technologies 
Composite materials are usually multi-phase materials, made up from two or more 
phases which are combined to provide properties that the individual constituents alone 
cannot provide. The continuous phase in a composite is referred to as the matrix, 
while the other phase or phases provide reinforcement. Composite materials can often 
be found in the form of fibre, whisker or platelet-reinforced materials, particulate 
composites such as dispersion-strengthened alloys and cermets, laminates and 
sandwich materials. 
Metallic composites can be produced by various methods such as powder metallurgy, 
metal spraying, internal oxidation and co-precipitation. Powder metallurgy is based on 
the mixing of metallic and non-metallic powders, which are pressed and sintered to 
form products. Metal spraying is based on the melting of metallic powders that are 
sprayed onto surfaces by a gas stream, with composites being obtained by adding inert 
particles into the powder blend. Composites containing very finely dispersed oxides 
can be produced by the selective oxidation of metals and alloys, while composites 
produced by the co-precipitation method require a mixture containing an easily 
reducible metal salt and colloidal oxide dispersion. Reduction of the metal salt 
produces a mixture of very fine metal and oxide powders that can then be processed 
by conventional powder metallurgy techniques. 
Composite electrodeposition, or the ability to codeposit inert particles within a metal 
matrix, can be traced back to the early days of conventional electroplating. The 
formation of rough deposits was attributed to the presence of impurities in 
electrolytes, which were codeposited during electrolysis. This phenomenon of being 
able to include non-metallic species into a metallic coating was not widely reported as 
being advantageous until 1928, when FINK AND PRINCE1341 deposited a self- 
lubricating copper, containing codeposited graphite. Twenty years later AQUESSE1351 
filed a patent which allowed the useful life of cutting tools to be increased by the 
codeposition of a hard second phaselM. s. i1. Since the late 1960's, there has been a 
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marked increase in the interest in composite electroplating technology, with 
136] 
electroless composite coating technology gaining popularity from the early 1970's 
The main advantages of electrolytic and electroless composite deposition over the 
previously mentioned techniques for producing metal matrix composites are as 
follows: 
" Only a limited financial investment is necessary to adapt a conventional 
production cell. 
"A wide range of composites can be obtained by selecting different types of 
inert particles like metal oxides, metal carbides or organic compounds. 
" Control of the production conditions permits smooth deposits with dimensions 
as required, resulting in minimal post-treatment. 
No heat-treating of the parts is required, and thus thermal damage of the 
components to be coated is avoided. 
" When compared to metal spraying, more complex geometrical forms can be 
coated successfully, but highest uniformity of thickness is obtained by 
electroless plating. 
The main limitations of these electrolytic and electroless techniques are the grain size 
of the second phase particles (see section 2.4.3 for further discussion in relation to 
electrodeposited composites) and a limited rate of codeposition. 
2.2 Production Of Electroless Composite Coatings 
Electroless coatings are produced by the chemical reaction of metal salts and a 
reducing agent; therefore, no external power supplies are needed as they are for 
electrolytic deposition. Since the baths used for electroless deposition are closely 
dependent upon surface area in their operation, they are regularly filtered to remove 
any insoluble contaminants that may lead to autocatalytic decomposition of the 
solution, and/or imperfections in the deposit. Typical baths contain a number of 
different additives, such as complexing agents, buffers, brighteners and stabilisers, in 
order to control the speed of metal deposition and to avoid solution decomposition. 
Electroless coatings can be applied to many substrate types, such as metals, alloys, or 
non-conductors with excellent thickness uniformity, even on complex shaped 
components. 
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Electroless composite deposition was first patented by METZGER137'381, and was 
based on a nickel-phosphorous matrix. Other matrix metals deposited in this way 
include copper, cobalt and nickel-cobalt. The solutions used are often very similar to 
those used in conventional electroless deposition, except for the amount of stabiliser 
added. This is to counteract decomposition of the bath, since the presence of particles 
breaks the cleanliness `rules' of conventional electroless baths. Often, periodic 
separation of the solids allows filtration of the baths to remove any impurities. Silicon 
carbide particles are mainly used, but others commonly added include alumina, 
titania, diamond, zirconia, boron nitride, boron carbide, molybdenum disulfide, 
chromium carbide and PTFE. These are all either totally insoluble or slightly soluble 
in the baths used. FELDSTEIN et ah391 stated that with some types of particulate 
matter, only certain specific forms have found use, i. e. the polycrystalline form of 
diamond and the platelet form of alumina. They also stated that it was possible to 
codeposit more than one particle type from the same solution, producing a greater 
range of opportunities for end use. Generally, the percentage of entrapped particles 
increases with increased bath content and increased temperature. Temperature also 
increases matrix deposition rates, although the addition of particles causes deposition 
rates to be reduced. 
2.2.1 Electroless Nickel Composites 
From the vast amount of literature available, it appears that nickel composites are the 
most common of the electroless systems investigated. 
Electroless nickel is often deposited as an alloy, with four alloy ranges commonly 
available: low (1-4% phosphorous), medium (6-8% phosphorous), high (10-12% 
phosphorous), and nickel-boron (0.5-3% boron). Each of these give coatings offering 
varying degrees of hardness, corrosion resistance, magnetism, solderability, 
brightness, internal stress and lubricity, allowing the coating to be tailored according 
to the physical properties desired. 
Particle sizes ranging from 1-10µm can be used with this system [401, with performance 
benefits possible when two different particle sizes are used in one bath. This is 
thought to be due to smaller particles filling space between the larger particles. The 
optimum volume percentage of particles for commercial applications falls between 
15-25%, but particulate concentrations of up to 40% are possible. Less than 15% does 
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not provide the maximum benefits available, whereas composites with particle 
volumes greater than 25% tend to break up easily. As with conventional electroless 
nickel, the composite coatings can be heat-treated to increase their hardness and 
substrate adhesion. 
Electroless nickel composites can be divided into three categories according to their 
commercial applications; these are wear resistance, self-lubrication and indication. 
Of these, wear resistance is the most common application. Selection of the correct 
particle specification (i. e. size, shape, density and type) is governed by a number of 
factors, including the specific wear mechanism expected. Typical particles 
codeposited for wear resistance are diamond, silicon carbide, alumina, tungsten 
carbide, boron carbide or chromium carbide. 
Lubricious (low friction) coatings also offer wear resistance, but are considered to 
belong to a different category due to their extra beneficial characteristics, such as dry 
lubrication, improved release properties and repellence of contaminants like oil and 
water. It is common for these coatings to be very thin with an underlying layer of 
conventional electroless nickel to provide increased corrosion resistance. Of the 
particles added for lubricity purposes, PTFE has received the most widespread 
commercial interest. However, PTFE degrades at approximately 450°C, and is not 
suited to use at temperatures above this. In such circumstances, other materials should 
be used, such as molybdenum disulfide, graphite or boron nitride. Another advantage 
of these materials is that they are more wear resistant and have higher load bearing 
capacities. Boron nitride, in particular, has excellent load bearing properties and is 
able to withstand temperatures up to 3000°C depending upon the atmosphere. 
NISHIRA AND TAKANO[411, in their work on electroless Ni-P/PTFE composites, 
noted that as PTFE content was increased, the overall hardness was reduced. This is 
indicative of the codeposition of a soft polymer within a hard matrix. Friction tests 
showed that a lower coefficient of friction was obtainable with increased PTFE 
content, therefore a balance between coating hardness and lubricity must be found. 
After heat-treatment of these coatings, a peak in the coating hardness was noted at 
400°C, which was attributed to the formation of a hard intermediate phase of Ni3P. 
The `NiflorTM' process developed by EBDON[42.431 in conjunction with Fothergill 
Engineered Surfaces Limited is one of the commercialised electroless nickel/PTFE 
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composite coating systems currently available today. Using this method, it is possible 
to produce coatings containing between 18-25% PTFE by volume, with a particle size 
of approximately 0.4µm. The resulting coating can be heat-treated to increase matrix 
hardness, or to sinter the PTFE into the nickel to provide a hydrophobic surface. This 
system is reputed to offer improved tribological properties over conventional 
electroless nickel in both its high and low phosphorous forms. 
Electroless nickel composites used for indication applications are among the most 
recent developments in this field of coating technology. They resemble `standard' 
electroless nickel coating under normal lighting, but emit a brightly coloured light 
when viewed under an ultraviolet lamp. Various colours can be achieved by 
codepositing different particles. This technology currently has two different 
applications, firstly for the identification of genuine OEM (Original Equipment 
Manufacturer) parts, and secondly for the determination of wear. 
2.2.2 Other Electroless Composites 
TANG et a1144-461 have worked on several electroless systems, including nickel- 
copper/PTFE, copper/PTFE and cobalt-phosphorous/PTFE. By adding copper to 
conventional electroless nickel, non-magnetic coatings with improved corrosion 
resistance can be produced. With these beneficial properties in mind, they attempted 
to improve the coating's tribological properties by dispersing PTFE throughout the 
plating bath. The resulting Ni-Cu-P/PTFE composite contained 8.1% PTFE. This was 
sufficient to reduce the phase transformation temperature to a value lower than that of 
conventional Ni-Cu-P or a Ni-P/PTFE composite. As plated, the composite consisted 
of fcc Cu and an amorphous alloy of Ni-P. After heat-treatment, the fcc Cu 
disappeared, possibly forming a solid solution with the Ni3P. Apparently, the 
composite offered improved tribological performance in the dry condition, but proved 
inferior when oiled. Work on the other two systems also proved fruitful, in that a 
Cu/PTFE composite was produced containing 5% PTFE, with a fcc cubic crystal 
structure, and a Co-P/PTFE composite was produced containing 9% PTFE. The cobalt 
had a hexagonal crystal structure, which upon heat-treatment formed a solid solution 
with the phosphorous. In both cases, tribological performance was said to be 
improved. 
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2.3 Production Of Electrolytic Composite Coatings 
As with conventional electrolytic deposition, the matrix of electrodeposited composite 
coatings can be in the form of a pure metal or an alloy. The second phase can be in the 
form of a powder or fibre (either oriented or of random orientation) and either 
conducting or non-conducting, depending upon the intended application. This is 
summarised in Figure 3. It is important that the second phase material is insoluble in 
the electrolyte to be used, and that it can be wetted. Due to problems keeping large 
particles in suspension, an upper size limit of 40µm diameter was stated by CELIS 
AND ROOS[471. Typical second phase materials which have been investigated can be 
found in Table 3. 
Electrolytic Coatings 
Conventional electroplating Composite electroplating 
(metal matrix) (metal matrix + second phase) 
Single metal I Alloy II Metal matrix + fibres I Metal matrix + powders 
Oriented Unoriented Non conducting 
Orientated alloys Second phase alloys 
Properties/applications 
Fatigue resistance 
Dry lubrication 
Wear resistance 
Strengthening 
Corrosion & oxidation resistance 
Creep resistance 
Decoration 
Conducting 
Solution alloys 
Heat-treatable alloys 
Figure 3, Types of materials obtained by electrodeposition (adapted from CELIS 
et al[471). 
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Al, B, Cr, Fe, Mo, Ni, Si, Ta, Ti, W, Zr 
as 
Oxide, carbide, nitride, sulfide, sulfate, carbonate, 
phosphate, or as pure compounds 
Glass, graphite, diamond, synthetic materials (e. g. PTFE), 
powder metal alloys (e. g. Ni-Al, Ni-AI-Ti) 
Table 3, Examples of second phase materials used in composite electroplating [471 
Electrolytic composite coatings may be formed by one of the following techniques: 
" The conventional suspension technique, in which particles are continuously 
kept in suspension, chemically or mechanically, allowing the formation of a 
composite coating on the cathode during electroplating. 
" The sedimentation technique, in which particles are periodically disturbed by 
vigorous agitation and allowed to sediment again on a horizontal surface 
during electrodeposition. (Has the advantage that higher incorporation rates 
can be achieved when compared with normal suspension technique. Also, by 
periodic agitation/sedimentation, it is possible to get layered deposits. ) 
" Brush electroplating technique [481, in which current is passed through an 
absorbent material which has been soaked in electrolyte containing both metal 
salts and solid particles. This technique has not received widespread 
investigation in the literature. 
As mentioned above, if the second phase materials cannot be maintained in 
suspension naturally, or by the addition of suitable surfactants, then some kind of 
agitation has to be employed. In their 1982 review, CELIS AND ROOS1471 mentioned 
two suitable techniques, the `plate pumping' process, and the `liquid/air' process. The 
plate pumping process uses a vibrating perforated plate at the bottom of the plating 
cell, while in the liquid/air process, electrolyte is circulated using a peristaltic pump. 
Air is added to give a greater degree of agitation. However, when using this technique 
care is needed to prevent flotation of the particles and `dead corners', as 
sedimentation of the particles will occur. More on the general effects of agitation will 
be discussed later in section 2.4.4. 
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2.4 Parameters Affecting Composite Electroplating 
The percentage of particles codeposited with metal depends on a number of factors. 
These can be divided into solution, hydrodynamic and electrolysis effects; including 
bath type and pH, current density, temperature, bath agitation, type and concentration 
of particles, and the addition agents present in solution. 
2.4.1 Effect Of Bath Type And pH 
Generally, the electrolytes used for depositing composite coatings are of a similar 
composition to those used to deposit conventional coatings, except for the addition of 
the particles themselves and some addition agents used to promote codeposition. An 
electrolyte is usually chosen for its ability to deposit the matrix metal, but will 
generally affect the amount of codeposition obtained. 
BRANDES AND GOLDTHORPEý50J found that A1203 could be codeposited with 
copper and nickel from conventional electrolytes, but not from a typical chromium 
bath (in either its hexavalent or trivalent form). These researchers also found that the 
type of electrolyte used to obtain a given matrix material will affect the codeposition 
rate. This is typified by the inclusion of A1203 particles in copper, since codeposition 
from acid sulfate electrolytes was found to be less than that obtained from alkaline 
cyanide based baths. Other work by HOFFMANN AND ERNST1511 on the 
codeposition of y-Al203 with copper found that no codeposition occurred from sulfate 
or fluoroborate baths, whilst a little occurred in a basic pyrophosphate bath. In this 
work, the highest possible codeposition rate was found in a formate bath. Also, by 
increasing the CuCN content of a cyanide copper system, WILLIAMS AND 
MARTIN[521 were able to increase the amount of codeposited silica fibres present. 
BAZZARD AND BODEN[531 also suggested that an electrolyte used for the formation 
of composite coatings must demonstrate good microthrowing power to ensure that 
uniform metal deposition occurs over the entire cathode surface. Additionally, it must 
be capable of depositing into spaces between the particles as the deposit is built up. 
Variation of electrolyte pH appears to yield varied results. In the work by 
SAUTTER1541 on Ni/A12O3 coatings, it was reported that for pH greater than two there 
was very little effect on the codeposited particle content. However, at lower pH there 
was a sharp decrease in particle codeposition rate. Similar effects have been noted for 
other metal/particle systems, whereby pH does not appreciably affect the rate of 
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particle codepositio&55 591 Likewise, in the review by CELIS AND ROOSt471, it was 
stated that there was a pH below which a reduced rate of codeposition occurred. This 
was, nevertheless, dependent upon the type of second phase particles present, since 
molybdenum disulfide and tungsten disulfide tended to show increased codeposition 
as pH was lowered. The same was found with nickel/silicon carbide [60J. Recent work 
by YEH AND WAN[611, who investigated the effects of ion adsorption on the 
codeposition of SiC from a Watts type nickel bath, went some way to explaining this 
phenomenon. They found that SiC powders catalysed the adsorption of hydrogen 
atoms and significantly increased hydrogen evolution at a pH of less than or equal to 
two. Interestingly, this pH corresponded to the point of zero charge for SiC in sodium 
chloride solution. They, therefore, concluded that the powder content of the deposited 
layer and the current efficiency for nickel reduction were both notably decreased at 
pH lower than two when SiC particles were present in the electrolyte. HAYASHI et 
a! 162I reported similar findings, but also found that the bulk solution pH itself was 
effected by the presence of alumina particles. They stated that the surface of alumina 
is generally covered by OH- groups which, when placed into a solution, dissociate or 
adsorb H+. When the amount of OH- and H+ are equal, the solution pH corresponds to 
the point of zero charge (PZC) for these particles. In the pH ranges below the PZC, 
excess H+ will be adsorbed onto the particle surface, while for pH values above the 
PZC, the particles adsorb excess OH- or release H+. 
2.4.2 Effect Of Current Density And Temperature 
HOVESTAD AND JANSSEN[631, in their review, mentioned that, along with the 
particle concentration in solution, current density is possibly the most widely 
investigated parameter. They also stated that two distinct current density 
dependencies could be found in the literature. Firstly, current density has little or no 
effect on the amount of second phase particles found within the coating. Secondly, 
particle content shows one or more maxima when plotted against current density. 
CELIS AND ROOS[471 , in their 1982 review reported other findings. They noted a 
general trend of decreasing codeposition as current density was increased, while an 
increase was reported for nickel/SiC composites. It was stated that either effect could 
be obtained, depending upon electrolysis conditions. The maxima mentioned 
previously were also reported for both Ti02 and SiC particles deposited from nickel 
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sulfamate bathstM1, A1203 deposited from an acidified copper sulfate solution 
[651 
, and 
V205 particles codeposited with nickel from a fluoroborate batht591. SAKSIN et a11661 
also found that the rate of codeposition for polymeric particles decreased with 
increasing current density. This was explained by the fact that deposition kinetics 
were affected by two factors: a decrease in the mobility of the fluoropolymer particles 
with increased current density, and higher polarisation for metal discharge. 
NARAYAN AND NARAYANA[67J stated that current density had little effect on 
particle codeposition rates, as did HOVESTAD et a11681. The latter did find, however, 
that when high current densities were used, accompanied by low levels of surfactant 
in solution, the coating morphology closely resembled that of conventional zinc 
deposits. Lower current densities, or increased surfactant levels, yielded coatings 
having a spongy and nodular structure. Upon closer investigation, high quantities of 
polystyrene agglomerates were present between these nodules. Recently, KERR et 
a1t691 reported that it was possible to increase the particulate content of a nickel/PTFE 
composite by pulsed electrodeposition. Using a DC current density of 3A/dm2, it was 
possible to codeposit 6.9vol. % PTFE. By using pulsed current, giving a mean current 
density of 3A/dm2, it was possible to produce a composite containing in excess of 
12vol. % PTFE with improved dispersion of the particles throughout the matrix. For 
further discussion of pulsed codeposition, see section 4.3. 
Not only is particle content dependent upon current density, but current density itself 
is affected by the presence of particles within the electrolyte. BUELENS et alt701 
carried out cathodic polarisation trials on both copper and gold electrolytes, 
containing alumina particles. The general shapes of the curves obtained were similar 
to those obtained without particles, although the presence of alumina was said to shift 
the curves to a higher cathodic current density for the same overpotential. Similar 
results have been found for other metal/particles systems by a number of other 
workers [53,71751 SUZUKI et ah731, in particular, carried out extensive work 
investigating the cathodic polarisation behaviour of Ag/A12O3. They discovered that 
the addition of particles to an electrolyte reduced the cathodic current density at low 
overpotential, while the opposite was true at higher overpotentials. The reason given 
for this was that the diffusion layer thickness was reduced by the presence of particles 
in solution, so that mass transport of silver ions is enhanced at higher overpotentials. 
However, at low overpotential, the silver ion concentration is sufficient to support any 
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of the electrolytic reactions. The authors then postulated that, at low overpotential, the 
alumina particles actually adsorbed onto the cathode, suppressing silver deposition. 
HWANG AND HWANG[761, however, found that particle content had no effect on the 
polarisation curves. 
Temperature appears to affect different systems in different ways. Varying 
temperature had little, or no effect on particle content for Ni/A1203tsa's71, while the 
particle content of a Cr/graphite composite showed a steady increase, up to a 
maximum, as temperature was raised to 500C1671 . The reverse was 
found for Cr/A1203, 
where there was a decrease in codeposition up to a temperature of 50°CI7h]. In both of 
these cases, no effect above this temperature was found. A peak particle content was 
1591 reported at 50°C for Ni/V205 
2.4.3 Type, Concentration, Shape And Size Of Second Phases 
Generally speaking, increasing the particle content of an electrolyte increases the 
volume percentage of particles found in the deposit until a maximum is reached. 
However, the percentage of embedded particles depends partly upon the electrolyte 
composition and type of particles added. An example of this behaviour can be found 
in the work by GRECO AND BALDAUFt78J, who noted that three times as much 
Ti02 could be codeposited with nickel than A1203 for the same conditions. For 
conducting particles, relatively large amounts of entrapment can be obtained from low 
electrolyte concentrations, whereas non-conductors tend to give much lower 
codeposition rates [471. In their work on nickel/chromium composite electroplating, 
BAZZARD AND BODEN1531 found that codeposition of conducting particles can 
prove problematic, after encountering severe dendritic growth on their deposits. This 
was believed to have been caused by the fact that an incorporated particle acted as a 
`high-spot' in the coating, and since the particles were conducting, presented an area 
of localised high current density. Other particles in the vicinity of this region of high 
current density would then be attracted to this point, as shown in Figure 4 overleaf. In 
this figure, the solid arrows trace the probable path of particles x, y and z, while the 
broken arrows represent movement of the particles in the absence of a surface 'high- 
spot'. Particles p and q are too far away to be influenced, and are attracted to the 
cathode surface. The authors stated that once a nucleus of this nature is established, 
the effect is self-sustaining. Similar findings were reported by others "81j , who stated 
179 
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that semi-conductive and conductive particles (e. g. tungsten carbide, silicon carbide, 
graphite and molybdenum disulfide) tended to form surface nodules, whereas non- 
conducting particles such as alumina did not, see Figure 5. STANKOVIC'501, in 
particular noted that particle type and current density has greater influence over 
coating morphology than the particle size. However. SOVA1x21 did not find any of the 
nodulation previously mentioned in his trials on the codeposition of zirconium metal 
with a nickel-cobalt alloy. The reason given for this was that the zirconium particles 
were covered with a very thin stable layer of oxide, so that they behaved more like 
inert non-conductors. 
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Figure 4, Effect of a conducting particle adsorbed onto the cathode surface on 
other conducting particles l«I. 
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Figure 5, Typical surface profiles of composite coatings: a) containing 
conducting particles; b) containing non-conducting particles1s1 1. 
CHEN et al'581 demonstrated that particle structure can also play an important role. 
This is the case for alumina deposited with copper from an acid sulfate bath. Spinel 
cubic structured y-alumina was reported to show no codeposition, while the hexagonal 
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structured a-alumina can be readily codeposited. These workers found that by heating 
, y-A1203 to 1125°C, it can be either partially or entirely converted to a-A1203, 
whereupon it can successfully be codeposited. ROOS et ah83I, however, disagreed 
with these findings, stating that either form of alumina could be deposited along with 
copper from a sulfate bath. They stated that under similar electrolysis conditions, y- 
alumina could be codeposited, but in much smaller quantities than a-alumina (see 
section 3.4 for further discussion). CHEN et al also noted that titania behaves in a 
similar way, with rutile (the most stable form of Ti02) being the most favourably 
deposited form. 
In common with other work, SAKSIN et a1E661 found that they could obtain greater 
amounts of particle codeposition by increasing the electrolyte powder content. 
However, an upper limit was noted where the inclusion content tended to vary due to 
the formation of stable agglomerates which have a lower mobility in solution. They 
also found that, upon the addition of polymer particles, deposits became less well 
ordered, when compared to coatings obtained from conventional electrolytes. This 
was believed to be indicative of the periodic passivation of crystal faces, possibly 
caused by addition agents or due to the particles themselves. This periodic 
deceleration of growth for old grains and nucleation of new grains was responsible for 
poorly textured deposits. 
There do not appear to have been many investigations regarding the effect which 
particle shape has on codeposition. However, particle shape would affect their 
adsorption onto the cathode, adsorption of ions onto the particles themselves and 
suspension stability t841, each of which would influence codeposition. GRECOt851 
stated, in a recent review, that composites containing discontinuous fibres are far 
more difficult to produce than particulate composites. This was because of the fibres 
tendency to cluster and `pile-up' on the cathode, due to their increased length and 
diameter. The problem was said to be worsened if the fibres were electrically 
conductive or difficult to wet. He also discussed the benefits of continuous fibre 
composites, stating that consideration must be made of the filament size and 
geometry, filament conductivity and winding pattern, amongst others. 
Differing results have been reported for the effects of particle size. BAZARD AND 
BODEN1531 found that they could increase the Codeposition rate of chromium in a 
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nickel matrix by increasing the particle size, as did CHEN et ah581 in their work on 
copper/alumina. SUZUKI AND ASAIt861, however, found the opposite occurred with 
Ag/A1203, while VERELST et a11571 have stated that particle size did effect 
codeposition rates, but was deemed negligible. Investigations on the Ni/Cr3C2 
composite system yielded some interesting resultst791. For particles of between one 
and two pm size, the rate of codeposition was found to increase linearly as the bath 
loading was increased. However, if the particle size was increased to between seven 
and eight gm, the rate of codeposition showed a peak as more particles were added. 
2.4.4 Agitation Of The Electrolyte And Surfactants 
As previously mentioned in section 2.3, agitation has been used to maintain particles 
in suspension, but it also aids particle transportation in the electrolytic cell. Therefore, 
the majority of researchers have used some form of agitation. Some workers have 
even blended the particles and electrolyte before experiments in order to obtain a 
stable suspension. Both agitation and blending break up agglomerates, which is 
necessary to obtain homogeneous deposits containing a fine dispersion of particlest631. 
BAZZARD AND BODEN [53J, however, had some success with the sedimentation 
technique used to codeposit chromium particles into a nickel matrix. They adopted a 
process whereby the electrolyte was agitated for a short period of time, and then left 
for the particles to settle onto a horizontally placed flat cathode, prior to the 
application of current. By utilising this process, they were able to produce coatings 
possessing a good particle distribution and smooth surface finish. Similar trials carried 
out with the electrolyte flowing across the flat panel produced poor quality deposits 
that were, as mentioned previously, extremely dendritic. FOSTER AND 
CAMERON1811 explored the effects of cathode vibration on codeposition rates. They 
found that under DC conditions, with no vibration, very few particles were 
codeposited, whereas with cathode vibration, only small particles were included in the 
deposit. By using intermittent cathode vibration and pulsed electrodeposition, they 
noted a wide size distribution of codeposited particles. The codeposition of finer 
particles during continuous electrode vibration was believed to demonstrate the 
existence of attractive force interactions during the initial stages of composite coating 
formation. Vibratory agitation of another kind was investigated by KALANTARY et 
al187'881, whereby electrolyte agitation was achieved by utilising the plate pumping 
29 
Literature Review - Composite Electrodeposition M. Simmons 
technique mentioned briefly by CELIS AND ROOS[47' in their 1982 review. This type 
of agitation was reported to be particularly suitable for the production of composite 
coatings, since it is especially good at holding fine particles in suspension without 
swirling or gross turbulence. 
Early workers [52,781 investigating composite electroplating found that agitation 
enhanced particle transport, and that increasing bath agitation led to larger amounts of 
particles becoming incorporated. However, it was also noted that too much agitation 
tended to remove particles from the cathode surface before they could become 
incorporated. This has since been confirmed by a number of workers studying 
agitation effects on particle codeposition using rotating electrode techniques. 
MASUKO AND MUSHIAKE'89'901 used a rotating cylinder electrode to prove that, 
for Ni/A1203, the alumina content of the resulting deposit, as well as the size of the 
particles embedded in the coating, decreased with increasing rotation speed. Other 
work by CELIS et al[70'911 used rotating disc electrodes to investigate hydrodynamic 
effects on both copper and gold composite coatings containing alumina, the results of 
which can be found in Figure 6. They found that under laminar flow conditions (up to 
about 400rpm), the amount of codeposited alumina remained constant, but at the start 
of the transition zone there was an obvious decrease in the amount of alumina present. 
As rotation speed was further increased, the amount of embedded alumina was found 
to increase again to give a maximum prior to reaching turbulent flow conditions, after 
which there was a dramatic decrease in particle incorporation. Additionally, particle 
agglomeration was observed once non-laminar flow was achieved, indicating that 
such conditions should be avoided in order to optimise mechanical and physical 
properties of the coating. 
Other rotating cylinder work, centred on zinc/polystyrenet681 composites, revealed that 
as rotation speed was increased, so was the rate of polystyrene Codeposition. Whereas 
low rotation speeds, accompanied by low surfactant levels, produced coatings with 
less codeposited polystyrene, due to particle agglomeration. 
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Figure 6, Effect of rotation speed on percentage of alumina particles codeposited 
with copper[ 70 1. 
Graphite particle agglomeration caused FINK AND PRINCE[341 problems, such that 
another method, apart from bath agitation, was needed to maintain the particles in 
suspension. To achieve this, they utilised surfactants (gelatin and tannin) to increase 
the wettability of their particles. The wettability of inorganic particles is not usually a 
problem in codeposition, but advantages can be gained from the use of surfactants. 
Cationic surfactants, in particular, give particles a net positive charge which prevents 
their agglomeration and makes them electrostatically attracted to the cathode. Certain 
organic compounds, PTFE in particular, are not easily wetted using conventional 
solvents, so the use of surfactants is essential. By combining cationic and non-ionic 
surfactants, HELLE et al192"951 were able to produce stable dispersions of PTFE in 
various electroplating solutions. In this case, fluorinated surfactants were used. These 
surfactants were not only essential to the formation of a stable PTFE dispersion, but 
were also reported to promote the codeposition of inorganic particles such as SiC and 
diamondt951. Recently, SAKSIN et att66' codeposited fluoropolymer particles with 
matrices of zinc and nickel from standard acid sulfate electrolytes. Dextrin was added 
to the zinc bath in order to stabilise the particles in suspension. However, the deposits 
obtained were coarse and poorly adhered, but better quality deposits could be created 
by the further addition of surfactants. Particles in the nickel plating solution were 
stabilised by surfactants alone. HOVESTAD et ah681 showed that polystyrene 
particles formed stable agglomerates when added to a zinc sulfate electroplating bath. 
By adding suitable cationic surfactants, regardless of their type, agglomerate size was 
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reduced and particle codeposition enhanced. Additional surfactants, irrespective of 
their charge, were found to increase suspension stability and improve coating 
morphology, but decreased particle codeposition rates. By using surfactants, CHANG 
AND LEE1961 were able to produce Ni/A1203 deposits containing up to 33 volume 
percent particles, while using bath particulate concentrations one to two orders of 
magnitude lower than other published work. There is, however, a disadvantage in 
using surfactants in that they may become incorporated in the growing deposit. 
Surfactant molecules adsorbed onto a particle are codeposited together with the 
particle, but this is only a small amount and hardly affects the deposit. It is the free 
surfactant molecules (i. e. those which are not adsorbed on particles) which cause 
concern, since they may codeposit with the metal, leading to stressed and brittle 
deposits194'951 MEGURO et ah971 demonstrated that the use of non-ionic surfactants 
and silane coupling agents increased the suspension stability of ß-SiC in a commercial 
nickel sulfamate electrolyte. Additionally, for a given particulate concentration in 
solution, the rate of codeposition was doubled. 
2.4.5 Addition Agents Present In Solution 
Often, organic and inorganic species are added to electrolytes in order to improve 
coating characteristics such as reduction of internal stresses, levelling of the deposit, 
or changing the lustre of the deposit. They are sometimes vital in composite 
electroplating to obtain the required conditions for codeposition. 
Early work by TOMASZEWSKI et a11551 stated that different brighteners have 
different effects, but generally increased codeposition. This was later confirmed by 
GRECO AND BALDAULF[78j who stated that wetting agents in particular were 
beneficial in increasing the amount of codeposited particles. The addition of small 
quantities of an anti-pitting agent was found to increase the particle content of a 
Ni/Cr3C2 composite, but on further additions, codeposition was dramatically 
decreased 1791. From this, it is logical to conclude that some common addition agents 
act as surfactants, either promoting or hindering particle codeposition. 
Organic additives such as TEPA (Tetra-ethylene pentamine), and EDTA 
(Diaminoethanetetra acetic acid) have been found to promote particle codeposition 
with copper156'6a'9s1, while urea, a common brightening agent, has proven to be 
detrimental to the codeposition of A1203 with nicke11501. Inorganic additives, 
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particularly the soluble salts of the monovalent cations thallium (Tl+), rubidium (Rb+), 
caesium (Ce+) and ammonium (NH4) were especially good at promoting the 
deposition of fine insoluble inorganic powders with copper from sulfate baths. It was 
believed that these cations, or the organic additives mentioned above, did not 
codeposit with the powders to any appreciable extent, and that insoluble non- 
conducting powders could be deposited from plain sodium-, potassium- or other alkali 
metal sulfate baths [561 (see section 3.4 for explanation). 
2.4.6 Other Effects 
Bath Ageing - ageing of the electrolyte only appears to influence certain 
metal/particle systems. Upon ageing of a copper/alumina bath, the percentage of 
A1203 codeposited was found to become decreased for an electrolyte pH of less than 
one. The authors attributed this to the presence of impurities in the electrolyte'991. This 
ageing process could be reversed by increasing electrolyte pH by the addition of 
Cu(OH)2, and no ageing was noted for solutions having a pH of two or more. No 
ageing effects were found for the codeposition of A1203 with nickel, silver or copper, 
while copper/SiC demonstrated significant ageingt10°1. Other work1771 reported that 
there were no apparent ageing effects for up to 18 days for Cr/A1203, unless 
codeposition was carried out at 30A/dm2. At this current density, and a bath loading 
of 20g/1 alumina, a maximum codeposition rate was noted after ten days ageing. Bath 
ageing for up to eight days had no apparent effect on the codeposition of 
Cr/graphite[671. 
Pre-Treatment Of The Particles - NARAYAN AND CHATTOPADHYAY1771 stated 
that problems associated with the codeposition of alumina with chromium can be 
overcome by coating the particles with nickel, or dry grinding them prior to mixing 
with the electrolyte. The first method, however, proved problematic since the coated 
particles proved unstable in the electroplating solution. 
In order to codeposit fluid containing nano-spheres with nickel"°'1, it was necessary 
to remove residual by-products of their synthesis by washing in distilled water. If this 
procedure was not carried out, the resulting deposits had a highly cracked 
morphology. 
Effect Of Electrodeposit Crystal Growth - SUZUKI AND ASAII861 reported on the 
codeposition of alumina with silver from a thiocyanate electrolyte. They noted that 
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deposits formed at low overpotentials, and with low particle loading in the electrolyte, 
consisted of large silver crystals with the A1203 being preferentially codeposited at the 
grain boundaries. Upon increasing the bath particulate content, and/or overpotential, 
they found that the alumina particles could also be codeposited at the crystal faces. 
Additionally, grain growth of the silver crystals was said to be suppressed by the 
presence of the alumina particles. 
Brush Electroplating - EHRHARDT1481 demonstrated that it was possible to deposit 
composite coatings using the brush technique. Coatings of Ni/A1203, Ni/SiC and 
Cr/A1203 were successfully deposited using this technique at current densities of up to 
50A/dm2. Limited success was obtained with a high-speed cobalt electrolyte 
containing alumina. Operating parameters such as brush rotation speed and electrolyte 
flow were reported to have little effect on coating quality. However, it was important 
to avoid localised overheating of the electrolyte, especially when operating high 
current densities. This method of coating formation would be particularly suitable for 
repair work and the coating of large workpieces that cannot be electroplated by 
conventional means. 
Magnetic Charging Of Particles - TACKEN et all1021 offered a novel perspective to 
the electrodeposition of composite coatings. They found that magnetised nickel 
particles could satisfactorily be codeposited with zinc. The nickel particles were 
maintained in suspension purely by agitation, and increased bath loading produced 
composites containing more of the occluded material. In order to obtain a better 
understanding of the role which the steel substrate played on the codeposition process, 
pure zinc layers of varying thickness were deposited prior to forming the composite 
coating. It was found that as the zinc base-layer thickness increased, nickel 
codeposition was reduced as a result of weakened magnetic attraction forces. The 
authors expected that a particle gradient would be set up within the coating as film 
thickness increased. No clustering of the particles or dendritic growth was observed, 
as with other work on conducting particles, possibly due to magnetic dipole 
interactions between the magnetic nickel and steel cathode. Cathode current 
efficiency was found to be reduced with increasing nickel concentration in the 
electrolyte. Three possible causes for this were given; the first of which was that 
hydrogen is more readily evolved from nickel particles present in the coating. 
Secondly, some of the nickel particles contacting the surface will evolve hydrogen 
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and grow a layer of zinc before dislodging from the surface and re-dispersing into the 
electrolyte. Thirdly, conducting particles meeting the surface will be charged and, due 
to their capacitance, discharge in the electrolyte when the contact between particle 
and electrode is broken. The authors concluded that this technique offers a variety of 
possibilities, since it could easily be applied to any ferromagnetic metal (e. g. iron or 
cobalt) or compound (e. g. Fe304 or Fe3Si), with the prerequisite that the substrate 
material must also be ferromagnetic. Additionally, particles that do not demonstrate 
ferromagnetic behaviour, such as alumina, could also be codeposited using this 
technique, provided that they were coated with a suitable material prior to 
magnetisation. Electroless nickel would be ideally suited as a coating material in such 
a situation. 
2.5 Properties And (Industrial) Uses Of Composite Coatingd 47,63,1031 
As mentioned at the start of this chapter, the codeposition of inert particles with a 
metal can improve the coating's physical properties and even provide new 
characteristics. This makes composite coatings particularly useful, as demonstrated 
below: 
" Coatings can now be applied to materials such as titanium, aluminium, lower- 
cost steels, ceramics and polymers (electroless techniques), where previously 
this was either difficult or impossible. The benefits of this capability are of 
special interest to aerospace applications where lighter, more durable, or less 
expensive materials are desirable and are made practical with such surface 
treatments. 
" Replacement of environmentally harmful coating processes, such as 
electroplated chromium. 
" Allowing higher productivity of manufacturing equipment with greater 
efficiency, greater speeds, less wear and less maintenance-related downtime 
(e. g. 50% increase in heat transport for heat exchangers coated with a 
metal/PTFE composite (92,941 ). 
" Ever more demanding usage conditions requiring less wear, lower friction, etc. 
Electrodeposited composite coatings are mainly used where their improved wear 
resistance, corrosion resistance, self-lubri cation, etc is important. 
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2.5.1 Self-Lubricating And Wear Resistant Coatings 
These categories of composite coatings are possibly the most widely investigated of 
all, with many real industrial applications. Both self-lubricating and wear resistant 
coatings will reduce the coefficient of friction and associated wear of two sliding 
bodies, but for ease of discussion will be divided into the two categories mentioned. 
2.5.1.1 Self-Lubricating Coatings 
For self-lubricating applications, the embedded particles must have some kind of 
inherent lubricity. Suitable second phase materials include graphite, molybdenum 
disulfide, barium sulfate and synthetic material such as PTFE[47'56,1031 Other typical 
solid lubricants which, when codeposited with metals, would be expected to produce 
low friction coatings can be found in section 6. 
Nickel/PTFE is reported to have been used in Japan on moulds due to its non-stick 
properties. Also, because metalIPTFE composite coatings show poor wetting 
characteristics with water, they are particularly beneficial for use on condenser pipes. 
Such coated pipes will not be covered by an insulating water film and an increased 
thermal efficiency for the condenser can be obtained [92,941 . Other work on 
metal/fluoropolymer coatings by SAKSIN et alL66I claimed that wear, heat and 
corrosion resistance could be increased by a factor of ten, but no supporting evidence 
was given. 
DONAKOWSKI AND MORGAN[331 codeposited graphite within a zinc matrix using 
the barrel plating technique. These coatings were developed as a possible replacement 
to electrodeposited cadmium for use on threaded fasteners. Standard acid electrolytes, 
based on either sodium or potassium chloride, were employed with additions of 
between 5-75g/l refined colloidal graphite (2µm particle size). No surfactants were 
added, and the particles were held in suspension purely by solution agitation. The 
potassium chloride bath was reported to give the most lustrous deposits, but was not 
adopted because coating brightness was not important, and sodium chloride is 
cheaper. Tribological performance, assessed by the torque-tension method, was said 
to be comparable to that of cadmium (either chromated or un-chromated). By 
increasing the graphite content of these coatings, the coefficient of friction could be 
reduced even further. Neutral salt-spray testing revealed that zinc/graphite offered 
inferior corrosion resistance to electrodeposited cadmium, even when a chromate 
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conversion coating was applied. However, no comparisons were drawn with 
conventional zinc deposits. 
More recently, ALEXANDRIDOU et ai'°" have produced self-lubricating coatings 
by the codeposition of oil containing microcapsules with nickel. As the metal and 
capsules are progressively worn away, liquid lubricant is released, thus maintaining a 
low coefficient of friction. 
2.5.1.2 Wear Resistant Coatings 
The wear resistance of coatings can be improved by codepositing hard second phase 
materials such as silicon carbide (SiC), tungsten carbide (WC) or diamond. All these 
second phase materials are far too brittle to be used as coatings in their own right, so 
the metallic matrix prevents their degradation and aids adhesion to the substrate 
material. Typical industrial applications include the use of copper/SiC coatings for 
electrical contacts, while copper/WC coatings offer good erosion resistance and anti- 
arc properties. Also, nickel/SiC and cobalt/Cr3C2 have been adopted for use as bearing 
coatings by the automobile and aircraft industries, while nickel/diamond coatings 
have found use on saw blades1951. One of the most well known examples of the use of 
nickel/SiC coatings is in components of the Wankel-rotary engine t69'951. However, 
special care had to be exercised in the selection of contacting materials, since these 
coatings were highly abrasive. The electrolytic cobalt/Cr3C2 composites (trade name 
Tribomet T104CrM) have been adopted on an industrial scale in the UK to combat 
wear on aircraft engine componentst104j. These offer exceptional fretting wear 
resistance over a wide range of temperatures (room temperature-800°C). 
SACHIAN et al"051 produced zinc composite coatings containing SiC and/or A1203 
from alkaline electrolytes. Coating hardness was greatly influenced by the percentage 
of embedded particles, up to a maximum of 5-6%, whereafter the coatings became 
brittle. These composites were said to offer improved wear resistance and frictional 
properties when compared to conventional zinc deposits, with marginal improvements 
in corrosion resistance. Another point of note is that the coating structure (e. g. grain 
size) was believed to have been modified by the codeposition of particles and some of 
the organic conditioning agents. 
For both nickel/diamond"6l and nickel/alumina[961 composites, wear resistance was 
found to increase with increasing particle content in the coating. A composite 
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containing 22 volume percent A1203 gave improvements in wear resistance of up to 
three times that for 316 stainless steel and six times that of conventional Watts nickel. 
Wear resistance of the nickel/diamond composites was also influenced by the size of 
the occluded particles, and was highest when either synthetic or natural diamonds of 
3-6µm diameter were used. Smaller or larger diamonds gave reduced wear resistance. 
Similarly, for a different metal/particle system, MATHIS et a! t601 found that smaller 
particles offered better wear resistance than larger ones. This was because the larger 
particles tended to pull out of the matrix material more easily. 
WAN et a111071 compared two different composite coating systems, Cu/MoSi2 and 
Cu/Al203, investigating their hardness and wear rate. Hardness was found to increase 
with increasing particle content in the deposit, due to the dispersed phase obstructing 
movement of dislocations and plastic flow in the matrix. The authors concluded that 
wear rate was independent of particle hardness, since composites containing the softer 
MoSi2 particles gave the lowest wear rate. 
2.5.2 Corrosion/Oxidation Resistant Coatings 
Zinc flake paints are beneficial in preventing corrosion of the underlying substrate. 
Similar effects can be obtained by the inclusion of particles with electrodeposited 
metal coatings. Various sub-micron particles have been investigated for such reasons, 
[631 including A1203, BaSO4i Si3N4, V205 and Cr2O3. 
Composite electroplating can be used to improve the corrosion resistance of 
traditional nickel-chromium layered systems. This is achieved by the deposition of 
microporous chromium layers, caused by the presence of non-conducting particles in 
the underlying nickel layer. Corrosion of the nickel layer occurs over an increased 
area, resulting in a smaller depth of attack. Allegedly, zirconium-carbide particles are 
beneficial in improving corrosion resistance of chromium in sulfurous atmospheres. 
While, Ni/Al203 and Ni/SiC coatings offer better oxidation resistance than 
conventional nickel in oxygen enriched atmospheresE1031. Zinc/chromium hydroxide 
composites are reported to offer considerably enhanced corrosion performance in salt- 
spray tests (264 hours to red rust) when compared to commercial bright zinc deposits 
(96 hours). Similar effects were obtained for zinc/aluminium hydroxide composites, 
but to lesser extent"081. Additionally, it has been reported that calcium phosphate acts 
as a corrosion inhibitor when codeposited with zinc [691. 
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Composite coatings can also be used to provide enhanced adhesion between the 
coating and subsequent lacquer or paint layers, which also has a beneficial effect on 
corrosion performance. A typical example of such a coating is that of a zinc/polymer 
composite, which is less brittle than the organic phosphate coatings normally usedt951. 
Alumina is also said to offer improved paint film adhesion when codeposited with 
zinc, improving the corrosion performance of unpainted samples. The paint adhesion 
characteristics of zinc/silica composites were investigated by HIRAMATSU et x1[109' 
who managed to obtain coatings offering up to 2700 hours red rust performance in 
salt-spray tests (Japanese standard). This extremely high value was achieved by 
treating the composite coatings with a silane-coupling agent prior to applying the 
spray-coated melamine type paint. The silane coupling agent was selected for its 
ability to form chemical bonds with both silica and melamine type paints, therefore 
promoting adhesion between the coating and paint layers. This system was said to 
offer far better paint adhesion and, subsequently, better corrosion protection than 
phosphate type coatings normally used to aid paint adhesion on zinc. 
SOVA'82' utilised Ni-Co-Zr-Cr ternary alloys, produced by the heat-treatment of 
layered composite deposits (see section 2.5.4), to prevent high temperature 
degradation of the underlying carbon-fibre composite substrate. 
2.5.3 Dispersion Strengthened Coatings 
By dispersing small particles in a metallic coating, a strengthening effect based on 
Orowan theory can be expected. As such, typical dispersion strengthened coatings 
should show better mechanical properties up to the melting temperature of the 
metallic matrix material. However, the particles cause a slight reduction in other 
properties. 
For nickel composites containing alumina, titania, silica or zirconia, and chromium 
composites containing alumina [771, the coating hardness was found to increase with 
increased particle content. The opposite was found for nickel/graphite composites, 
whereby hardness was decreased as particle content was increased. This effect was 
believed to be caused by the low shear strength which graphite possesses, allowing 
easy deformation. The codeposition of oxides or carbides with either nickel or copper 
was found to improve a number of other mechanical properties, such as room 
temperature yield strength, ultimate tensile strength. However, electrical conductivity 
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and ductility were reduced. STANKOVIC AND GOJO1801 noted that they could 
dramatically increase the tensile strength of copper by its codeposition with alumina. 
Copper/silicon carbide composites, on the other hand, yielded some interesting 
results. Initially, there was a sharp rise in tensile strength up to a particle content of 
approximately two weight percent, followed by a sharp decline, reaching a minimum 
at around four weight percent SiC. This minimum was still in excess of that for 
conventional copper coatings. The authors also investigated coating hardness, and 
found that codeposition of hard abrasive particles tended to yield composites having 
increased hardness, while softer particles (e. g. MoS2, BaSO4 and graphite) had the 
opposite effect. 
GRECO AND BALDAUF1781 stated that alumina particles gave greater increases in 
strength than titania particles when included in a nickel matrix. They speculated that 
this greater strengthening effect was due to the finer particle size and uniform 
distribution of alumina through the matrix. 
2.5.4 Heat-Treatable Composite Coatings 
Composite coatings may be heat-treated for a variety of reasons, some of which will 
be outlined overleaf. 
As plated or hot/cold rolled composite coatings retain higher strength than 
conventional coatings, upon heat treatment, up to higher annealing temperatures. 
However, it is important to note that a uniform particle distribution is necessary to 
obtain maximum hardness after annealing. VERELST et alt57j noticed that, prior to 
heat-treatment, nickel/alumina composites had similar microstructure to conventional 
nickel deposits. After annealing at 800°C for one hour, the grain size of the composite 
coatings had not grown appreciably, but the microstructure had changed, with the 
annealed grains showing fewer faults. This demonstrated that dispersed alumina 
inhibits grain growth. The annealed composites did show a marked decrease in 
mechanical properties, such as yield strength. GRECO AND BALDAUF1781 found 
that nickel/alumina and nickel/titania composites showed a reduction in mechanical 
properties (specifically hardness, ultimate tensile strength and yield strength) when 
heat-treated at temperatures of 650°C, but percentage elongation was hardly effected. 
No phase changes were found for these coatings. 
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Another interesting use of composite coating technology, is the ability to heat-treat 
the deposits to produce coatings which are not easily produced by other means. An 
example of this is the production of a `stainless steel' coating by the heat-treatment of 
an iron-nickel alloy containing chromium particles'751. Other `alloys' produced using 
this method are zinc-nickel alloys by the heat-treatment of zinc/nickel composites' 1021 , 
and Ni-Co-Zr-Cr diffusion alloys'521. The latter was produced by the heat-treatment of 
a layered coating system consisting of a nickel-cobalt alloy containing zirconium 
particles, over which was deposited a conventional chromium layer. 
Another interesting facet of the heat-treatment of composite coatings, is the ability to 
sinter the `white layer' of a metal/PTFE composite to provide a good adherent top 
layer of polymer with excellent dielectric properties and high corrosion resistance1`'Z1 
The `white layer' is a film of loosely bound PTFE particles present on the coating 
surface, see Figure 7. 
'White layer' 
Metal/PTFE 
Substrate 
Figure 7, Schematic of `white layer' on metaVPTFE composites '92j. 
2.5.5 Multi-Layer Composite Coatings 
By careful selection of the operating parameters, it is possible to produce coatings 
having a modulated particle composition, referred to as compositionally modulated 
composite deposits (CMCD) by KERR et (/I6 " One of the earliest references to such 
coatings was the work by KARIAPPER AND FOSTERtM1. They were able to 
produce compositionally modulated composites of Ni/A1203, Ni/SiC and Ni/TiO' by 
the use of DC conditions accompanied by periodic reverse plating (see section 4 for 
more information regarding pulsed electrodeposition). They found that small cycle 
times produced deposits with few or no particles present, while larger cycle times 
prevented codeposition of larger particles. This was attributed to the fact that for small 
cycle times, particles were repelled by anodic conditions, while for longer cycle 
times, the particles had discharged sufficiently to be inert to field changes in their 
vicinity. HELLE AND WALSH1951 stated that it was possible to produce 
compositionally modulated composite coatings by varying a number of the parameters 
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mentioned previously, such as current density, temperature, surfactant level and type, 
inclusion concentration in the bath, and the degree/type of agitation. Recent 
unpublished work by ALAVI AND HELLE""" demonstrated that Nickel/diamond 
compositionally modulated composites could be produced by varying either the 
current density and/or solution hydrodynamics. 
HELLE" 92-94 1 also stated that it is possible to deposit metal in the `white layer' formed 
on metal/PTFE composite coatings. This would allow an additional layer of 
composite material to be deposited from a conventional electrolyte, see Figure 8. 
White layer 
Metal 2/PTFE 
Metal 1/PTFE 
Substrate 
Figure 8, Formation of a second metal layer within the `white layer'1921. 
2.5.6 Liquid-Containing Microcapsule Composite Coatings 
As mentioned in preceding sections, ALEXANDRIDOU et all 1011 conducted research 
into the possibility of codepositing oil-containing microcapsules within a nickel 
matrix, while the deposition of water-containing microcapsules with nickel was 
investigated by KENTEPOZIDOU et all' 111. 
In both cases, the capsules were synthesised by means of an interfacial polymerisation 
process, which involves the condensation polymerisation of two complementary 
monomers, each of which is soluble in one phase of a two-phase dispersion system. 
Upon reacting, and the subsequent evaporation of solvent, these monomers create a 
thin polymeric shell around the fluid phase to be encapsulated. Composition of the 
liquid core was reported to show a notable influence on the capsule quality, and 
subsequent dispersion stability in aqueous solutions. Dispersion stability was also 
related to the reactivity of surface groups on the capsules with the electroplating bath 
constituents (i. e. ions, surface active agents, polymeric species, as well as pH and 
temperature). These surface groups on the microcapsules arise from the polymeric 
wall material itself, and the stabiliser used for its preparation. Additionally, due to 
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microporosity of these capsules, any ions present in the core solution may interact 
with the dispersion medium. 
As mentioned previously, in section 2.4.6, stabilisers present on the surface of the 
capsules act as bath contaminants, producing cracked deposits. This was overcome by 
washing the particles. However, washing was found to reduce suspension stability of 
the water-containing capsules. A problem which was solved by using a different 
emulsifier, capable of improving the hydrophobic nature of the capsules. Surfactants 
were then necessary to obtain a uniform dispersion of the capsules, and prevent their 
agglomeration in solution. These surfactants were also used to aid dispersion of the 
oil-containing capsules, and were found to significantly improve their codeposition 
with nickel. Additionally, it was shown that capsule synthesis parameters (i. e. the 
surface chemistry) influenced their rate of inclusion, whereby using a lower 
concentration of monomer it was possible to increase codeposition. 
Two possible alternative uses of such coatings are in the synthesis of metal foams19s1, 
and production of surface films capable of providing their own conversion coating top 
layer" 121 (i. e. self-chromating coatings). 
2.5.7 Hydrophobic Electrode Materials 
In the work carried out by NONAKA et all' 3,114 , various hydrophobic composite 
electrodes were produced for the electro-reduction of organic compounds. Composites 
of zinc/tetrafluoroethylene oligomer and zinc/fluorocarbon (CF) were deposited from 
simple sulfate electrolytes, while tetrafluoroborate baths were used to form the 
zinc/fluorinated pitch and lead/PTFE composites. Coatings of nickel containing 
fluorinated pitch were also produced, using sulfamate baths. In all cases, surfactants 
were added to the electrolytes to aid codeposition. 
2.5.8 Medical Composite Coatings 
DASARATHY et all' 151 proposed that hydroxyapatite (HA), a popular bio-ceramic 
based on calcium phosphate, could be codeposited with metal. Initial trials appeared 
successful, with the deposition of a cobalt/HA composite onto titanium alloys. 
Although substrate adhesion was not sufficiently high, the authors concluded that the 
results demonstrated the viability of the technology, and that other biocompatible 
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metal-alloy matrices could result in superior bond strength for use on medical 
implants. 
2.5.9 Other Coatings 
Coatings For The Electronics Industry - Adhesion of electrodeposited copper onto 
glassfibre-reinforced epoxy (i. e. during printed circuit board manufacture) can be 
achieved through the application of a multi-layer coating system. The first of these is 
typically a thin electroless palladium coating, followed by an electroless copper layer. 
Next, a rough copper oxide layer is applied, prior to deposition of the thicker 
electrodeposited copper layer. However, if submicron sized particles of phenolic resin 
are incorporated into the electroless copper layer, similar effects can be achieved 
directly, avoiding many of the obstacles associated with using an oxide layer1951. 
WAN et alt1071 found the electrical resistivity of Cu/MoSi2 and Cu/A1203 composites 
increased with increasing particle content of the deposits. However, the resistivity of 
Cu/MoSi2 composites was less than Cu/Al203 composites with similar particle 
contents. This was thought to be due to the superior conductivity of MoSi2. The 
improved wear properties, stated previously, and low resistivity make Cu/MoSi2 ideal 
for use on electrical contacts. 
Nuclear Coatings - Fissile materials like U02 and Pu have been codeposited with 
nickel for possible use as nuclear fuel elements, while neutron absorbing materials 
such as boron and its compounds could also be deposited with nickel for use as 
reactor control materialstlo3l 
Anti-Fouling coatings - Anti-fouling coatings can be produced by codepositing 
t691 silicone or silane particles with copper. 
2.6 Mechanisms Of Electrolytic Codeposition 
Early work on composite plating technology arrived at three possible mechanisms for 
the codeposition of solid particles in a metallic matrix. These are: 
Electrophoresis - proposed in 1962 by WHITHERS11161, who stated that 
electrophoretic motion of positively charged particles towards the cathode could 
be responsible for their codeposition. Surface charge, or zeta potential (see 
section 3.4) would play a very important role. 
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Mechanical Entrapment - suggested by WILLIAMS AND MARTIN' 
21 in 
1964. Particles are transferred to the cathode by bath agitation, which controls 
the amount of particles at the cathode surface. Codeposition is governed by the 
duration of particle contact on the cathode and by the metal deposition rate. 
Adsorption - in 1967, BRANDES AND GOLDTHORPE1501 stated that particles 
can be adsorbed onto the cathode due to van der Waals attractive forces. Once 
adsorbed onto the cathode surface, the particles are incorporated into the 
growing metal matrix. 
Interest in the mechanisms of composite electroplating has lead to the development of 
models to predict the rate of particle codeposition. Among the first of these was a 
model proposed by BAZZARD AND BODEN1531 in 1971, who stated that particles 
suspended in the electrolyte by adequate bath agitation constantly collide with the 
cathode. Particles remaining in contact for sufficiently long times will become plated 
with a thin layer of metal and consequently embedded in the growing metal layer. 
However, effects of electrolysis parameters such as pH. temperature, bath 
composition and hydrodynamics were not considered. 
2.6.1 Model Of Guglielmi[49'1 7 
The following year, in 1972, GUGLIELMI11171 offered a model based on a two-stage 
adsorption process, see Figure 9 below. 
Solution Deposit 
00 
S oo Loose adsorption stage, a' b O Is 
Ort 
a It 
Strong adsorption stage, r9 0e 
Figure 9, Codeposition mechanism based on a two-stage adsorption process "1. 
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During the first stage, which is believed to be physical in nature, particles become 
loosely adsorbed onto the cathode surface due to van der Waals attractive forces. 
These particles are still surrounded by a cloud of adsorbed ions, the ionic cloud. 
During the second stage, which is field assisted and purely electrochemical in nature, 
the particles lose their ionic cloud, giving rise to strong adsorption, or chemisorption, 
on the cathode. Following this step, the adsorbed particles become engulfed by the 
growing metal layer. The loose adsorption stage was described by a Langmuir 
adsorption isotherm, where the loose (d) and strong (0 adsorption surface coverage, 
and particle concentration of the bulk solution (C p-) were interrelated by a variable 
depending on the intensity of the particle-cathode interaction (k), as shown in the 
equation below. 
k*C°° 
__ 
n1 6 l+k`Cp 
1-ýl (egn. 1) 
GUGLIELMI then considered the second stage, where the rate of strong adsorption 
(VP) was believed to be linearly dependent upon 6', see equation below. A term for 
cathodic overpotential (ij) was used to account for the field dependence as previously 
mentioned, while the terms vo and /3p are constants. 
VP = v'voeQ°''` (eqn. 2) 
The rate of metal deposition can be expressed by Faradays law as normal. Current 
density (i) is related to overpotential by the Butler-Volmer equation, and after 
accounting for the area of the cathode available for metal deposition, can be written in 
Tafel form, as shown below. In this equation, io is the exchange current density, while 
ßn is the Tafel constant for metal deposition. 
i =(1-t9)ioe' (eqn. 3) 
These equations can be combined to derive the following formula, assuming that 
volume percentage of embedded particles (B) is proportional to strong adsorption 
coverage (t and is much less than 100 percent. 
C'P 
- 
Mm1oe(Pm-fll)` 1 
+C- 
B nFpmV0 %C 
P (eqn. 4) 
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The constants k*, vo and ß, depend upon the metal/particle system under investigation 
and have to be determined experimentally. Therefore, this model cannot be used to 
predict the codeposition behaviour of a particular system. Despite this shortcoming, 
the model has successfully been used to describe codeposition from the following 
systems; Ni/SiC, Ni/Ti02, Cu/((x and y)A1203, Cr/graphite, Ag/Al203, Cu/SiC and 
Cu/P. It has not, however, been so successful in describing Cr/A1203, Ni/A1203 or 
Zn/phenolic resin. One possible explanation offered for this, is that the Langmnuir 
adsorption isotherm is only valid for the adsorption of molecules, and may not be 
applicable to the relatively large particles used in composite electroplating. Also, the 
use of Tafel's law for reduction of metal ions implies that only charge transfer 
conditions are considered. Evidence of this shortcoming was presented for Cu/Al203 
in a review by CELIS AND ROOS1471. They concluded that there is a considerable 
increase in the amount of alumina codeposited as current density is increased while 
copper ions undergo charge transfer control. When concentration overpotential 
control takes over, the alumina content was found to fall with increasing current 
density. Once the cathodic overpotential was sufficiently large to reduce other ions 
onto the particles (e. g. hydrogen), higher codeposition rates were obtained. They also 
stated that the second adsorption step was rate determining. Additionally, other 
important parameters such as particle size and type, agitation, bath constituents or 
bath ageing effects were neglected by GUGLIELMI's model. 
2.6.2 Model Of Kariapper And Foster [49,64] 
In 1974, KARIAPPER AND FOSTER161 concluded that adsorbed metal ions play a 
double role. Metal ions cause particles to be electrostatically attracted to the cathode, 
and their reduction at the cathode causes a strong physical bond between the particle 
and cathode surface. These workers also noted the significance of agitation, stating 
that: Agitation influences the forces acting on particles resting on the cathode surface. 
Also, particle collision with the cathode increases with increased agitation rate. 
Their model expressed the rate of particle Codeposition (Vp) by the following 
equation, where N* is the collision rate of particles suitable for codeposition. 
N`k*CP 
V` 
l+k`CP 
(eqn. 5) 
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In this model, the intensity of the particle-cathode interaction (k*) was assumed to be 
dependent upon a number of factors: Electrostatic attraction associated with the 
adsorbed charge density on the particle (q) and the change in potential near to the 
cathode (JE). The physical bond strength (SI, i') determined by the contact area 
between metal and particle at a given current density, where (S,, ) is the bond strength 
per unit area. k* is also assumed to be dependent upon mechanical factors, such as 
particle size and density (a), and the rate of agitation (b). The particle/cathode 
interaction is then calculated from the expression below, where k'is a constant. 
k' = k'(gAE + S,, i 2- ab) (eqn. 6) 
This model does account for some of the shortcomings of GUGLIELM I's model, but 
there are certain incorporated factors which cannot be easily measured or estimated. 
Therefore, practical use of this model is rather complicated. 
2.6.3 Model Of Celis, Roos And Buelens[49,1181 
This model was first proposed in 1987 as an attempt to address the shortcomings of 
GUGLIELMI's model. Codeposition was broken down into five successive steps as 
outlined in Figure 10. 
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Figure 10, Codeposition mechanism based on a eve-stage adsorption process 
Firstly, an adsorbed double layer forms around each particle in the bulk solution (1). 
The particles are then transferred to the hydrodynamic boundary layer by forced 
convection (2). Next, they reach the cathode surface by diffusion (3), after which, free 
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and adsorbed electroactive ions are reduced (4). Finally, when a fraction of the ions 
originally adsorbed onto the particle are reduced, that particle becomes entrapped in 
the growing electrodeposit (5). The basic assumption of this model is that a certain 
amount of ions (k) out of a total amount of ions (K) must be reduced at the cathode for 
a particle to become captured. This allows for a certain residence time of a particle on 
the cathode surface necessary for it to become entrapped in the growing metal layer. 
Therefore, not all particles coming into contact with the cathode will be codeposited. 
This basic assumption was also made in GUGLIELMI's model, described earlier. 
This model uses a statistical approach where the volume percentage of codeposited 
particles (B) can be expressed as a function of the weight of one particle (Wy), number 
of particles arriving at the cathode surface (Np), and the probability of a particle 
crossing the diffusion layer (p). The remaining bracketed terms are derived from 
Faraday's law, and give the weight increase due to metal deposition per unit time and 
surface area. 
B 
W°Npn 
X100 Mm(fl+ 
WNPP 
nF 
(eqn. 7) 
The term p, above, depends upon the probability (p(WKi)) that at least k out of K 
adsorbed ions are reduced. If p; is the chance that one ion is reduced at a current 
density i, then p(WK. & can be expressed as a binomial distribution thus. 
K K-z 
P(wK, i) = 
I, Cz [l-Pi ý Pi 
z=k 
(eqn. 8) 
In order to calculate p;, it is assumed that there is no distinction between free and 
adsorbed ions so that both can be treated as equal with respect to transport and 
reduction processes. In the following equation to calculate pi, C,,, °° and D,,, refer to the 
bulk concentration of metal ions and diffusion coefficient of these ions respectively, 
while gis the diffusion layer thickness. 
pi _ ßa2 nF'Cm + 
2D 
+i 
m 
(eqn. 9) 
49 
Literature Review - Composite Electrodeposition M. Simmons 
An additional term (H) is introduced in order to account for bath agitation and other 
hydrodynamic effects, making the probability as follows: For laminar flow conditions, 
H=1, while for highly turbulent flow H=0. 
n= Hp(wi) (eqn. 10) 
The number of particles arriving at the cathode (Na) is found from the reduction rate 
of metal ions. This is related to the number of ions crossing the diffusion layer per 
unit time and per unit of surface area (N,,, ), and the type of overvoltage control. 
` P 'tr NP =Lý 7ý'm 
C 
*i 
in 
(eqn. 11) 
C,, and C,, * are, respectively, the number of particles and metal ions in bulk solution, 
while it, is the transition current density from charge transfer to concentration 
overvoltage control. While under charge transfer overvoltage control, 0=0 because 
ion reduction is rate determining, and 0#0 under concentration overvoltage control 
because ionic diffusion is rate determining. 
Volume percentage of codeposited particles can be found by combining the previous 
formulae. However, terms k, K and 0 must be determined experimentally, so, similar 
to GUGLIELMI's model, this model cannot predict particle content without the need 
for experimental investigations. 
2.6.4 Model Of Valdes [49,1191 
In 1987, VALDES" "91 noticed the difficulties other workers were having in obtaining 
a good description of the particle-cathode interactions during electrolytic 
codeposition. He proposed the use of a concept frequently used for non- 
electrochemical systems, the `perfect sink' model. This corresponds to infinitely fast 
reaction kinetics, i. e. assumes that all particles arriving within a critical distance of the 
electrode surface are irreversibly and instantaneously captured. The model was 
developed for codeposition occurring at a rotating disc electrode, taking account of 
the various ways in which particles can be transported (i. e. Brownian diffusion and 
convection. ). The convection term accounts for all forces and torques acting on a 
particle, such as hydrodynamic migration, electromigration and diffusiomigration. 
Along with expressions for the local electric field, and local electrolyte concentration, 
a coupled set of transport equations were obtained. However, this model was found to 
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be of little use, since it predicts maximum codeposition at the limiting current density, 
which is in contradiction with experimental findings. 
Therefore, another model was proposed, based on the generally accepted assumption 
that the reduction of adsorbed ions is the rate-determining factor for particle 
codeposition. This second model, the electrode-ion-particle-electron transfer (EIPET) 
model, accounts for the electrochemical nature of colloidal particle deposition. This 
led to the formation of a Butler-Volmer type expression for particle deposition, in 
which charge transfer overpotential becomes the main driving force for particle 
codeposition. The following expression describes the electrochemical rate of particle 
codeposition (k1, ): 
k= k°C n ex p 
VZF 
- ex 
(1- VýZF 
psP RT Ala P RT Ala 
(eqn. 12) 
Where (k ý is a standard electrochemical reaction rate constant, (CS) is the 
concentration of electroactive species adsorbed on the particle surface, (hin) is the 
charge-transfer overpotential and (Z) is the valency of the ionic species. This model is 
reportedly able to predict the peak shown in experimental data when particle 
codeposition rate is plotted against current density. However, it should be noted that 
little work has been carried out to prove the validity of this model for 'real' 
codeposition systems. 
2.6.5 Model Of Hwang And Hwang [76] 
This model is similar to that proposed by GUGLIELMI, except that three different 
current density ranges were identified, with the rate of particle codeposition being 
determined by the electrode reactions of adsorbed species on the particles. The three 
current density ranges for this reduction of adsorbed ions are classified thus: 1) low 
current density, where only H+ ions are reduced. 2) intermediate current density, 
where H+ reduction rate has reached its limiting value and metal is reduced. 3) high 
current density where the reduction rate for both ions is at its limiting value. This was 
an improvement over GUGLIELMI's model, but assumptions were made without any 
validation. The first of which assumes that the reduction of ions adsorbed onto 
particles differs from that of free ions in solution. Also, the efficiency of metal 
deposition was thought to be independent of current density, while for adsorbed ions 
three different regimes were distinguished. 
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3 Zeta Potential And Electrophoresis[120-125] 
Before zeta potential or electrophoresis can be discussed, it is necessary to understand 
the basics of the double layer concept for solid surfaces in contact with ionic 
solutions. 
3.1 The Electrical Double Layer 
When a surface is placed into an ionic solution, an electrical potential gradient 
develops at the solution/surface interface. This is the electrical double layer, and is 
best explained by way of an example. If a positively charged electrode is placed into a 
solution containing both positively and negatively charged ions, only negative ions 
are attracted to the surface. This in turn leads to a build up of negative ions in solution 
nearby the surface so that a new charge exists. Since the system as a whole should be 
electrically neutral, the total net charge on a surface is balanced by the charge set up 
within solution. Thus, a double layer of charge exists, one localised at the surface, and 
the other developed in a region extending into the solution. 
A number of theories have been proposed to explain this phenomenon. The simplest 
of which assumes that surface charge is directly compensated by a parallel layer of 
charged ions within the solution, giving rise to a linear potential gradient within the 
solution, see Figure 11. This is analogous to a parallel plate capacitor of small plate 
distance, and is commonly known as the Helmholtz model. However, the theory 
neglects to account for thermal motion within the solution, which tends to break up 
and disperse the rigid layer of charge. 
Potential 
from surface 
Figure 11, Helmholtz model - interface schematic and chart showing potential 
variation. 
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Another model proposed by both Gouy and Chapman, independently, assumed that 
the double layer was of a diffuse nature and that the potential gradient in solution was 
non-linear, see Figure 12. This is similar to the Debye-Hückel model for the ionic 
atmosphere of opposite charge that surrounds an ion in solution. The Gouy-Chapman 
model, as it has become known, assumes that the ions are point charges that can 
approach the surface to within infinitely close distances. Therefore, at very small 
distances the potential is greatly over-estimated. 
+- 
+- 
+ 
+- 
aD On 
Potential 
'ý Oý O 
000 0 Distance from surface 
Figure 12, Gouy-Chapman model - interface schematic and chart showing 
potential variation. 
One method of overcoming the problems associated with the previous models is to 
divide the double layer into two or more parts. This was first proposed by Stem, who 
stated that the ions near to the surface have a linear potential gradient similar to that of 
the Helmholtz model. Indeed, this layer has become known as the Helmholtz or 
compact layer. Beyond this, a diffuse ion distribution occurs, as in the Gouy- 
Chapman model, with this region becoming known as the diffuse layer. This is 
represented in Figure 13. 
Potential 
A- Helmholtz/compact 
layer 
Diffuse layer 
from surface 
Figure 13, Stern model - chart showing potential variation. 
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The Helmholtz/compact layer was later subdivided by Grahame into the inner ([HP) 
and outer (OHP) Helmholtz planes to account for the effects of specific adsorption. 
When a charged ion is electrostatically attracted to a surface, it may only approach so 
far due to its surrounding cluster of solvent molecules. When a line is drawn through 
the centre of such an ion, at its distance of closest approach, this is known as the outer 
Helmholtz plane, which marks the boundary between the compact and the diffuse 
layers. However, when van der Waals and/or chemical forces are greater than the 
electrostatic forces, specific adsorption of an ion takes place (i. e. the ion is adsorbed 
directly onto the surface without any surrounding solvent molecules). Therefore, these 
ions can approach a surface much more closely. The centres of such ions lie along the 
inner Helmholtz plane. A schematic showing the relative positions of the inner and 
outer Helmholtz planes can be found in Figure 14. 
Uncharged species will accumulate at the solution/solid interface if they are less polar 
than the solvent or are attracted to the surface by van der Waals or chemical forces. 
Such species are known as surfactants. 
Solvent 
molecules 
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Helmholtz 
plane 
il lam- Outer 
Helmholtz 
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Helmholtz) Diffuse layer 
compact 
layer 
Figure 14, Relative positions of inner and outer Helmholtz planesj 1201" 
The thickness of the double layer is largely governed by the solution ionic strength. In 
dilute solutions, the double layer may extend more than l0nm into solution. However, 
as concentration is increased, the diffuse double layer thickness is decreased. 
Therefore, at high concentrations, the diffuse double layer becomes sufficiently small 
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that it can be neglected, and the entire potential gradient is accommodated across the 
Helmholtz layer. 
Even if the solid is not an electrical conductor, electrical double layers can still form. 
However, the main origin for double layer formation on both organic and inorganic 
surfaces is by the specific adsorption of ions. In such cases, charge is located entirely 
on the surface, with no charge being held within the bulk of the solid as is the case for 
conductors. Therefore, counter ions form the Helmholtz and diffuse double layers 
within the solution. It is in this way that electrical double layers form around solid 
particle suspensions or colloidally dispersed material. 
3.2 Zeta Potential And Electrokinetic Effects 
When electrokinetic phenomenon occur, motion takes place along a shear plane which 
separates the stationary ions contained within the Stern layer and the mobile ions of 
the diffuse double layer. This plane is close to, and yet outside the OHP. The potential 
at this shear plane is often close to that of the OHP, but not exactly the same, and is 
known as the zeta potential (a). 
EOE 
(eqn. 13) 
where: EO = permittivity of a vacuum 
E= relative permittivity (dielectric constant) of the solution 
From this equation, it can be seen that charge density at the electrode surface (o) 
influences zeta potential, and hence the electrophoretic mobility of particles. Zeta 
potential is also highly dependent upon the diffuse layer thickness (b), and as such 
will vary with ionic concentration and pH. Indeed, there is a value of pH at which the 
charge occurring at the shear plane equals zero. This is referred to as the `isoelectric 
point', or in colloid science the `point of zero zeta potential', as shown in Figure 15. 
Because of specific ion and Stem layer adsorption, the isoelectric point may not 
necessarily coincide with the point at which there is zero charge on the particle 
surface. 
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Figure 15, Isoelectric point. 
Electrokinetic phenomena occur as a result of interactions between charged species, 
ionic solutions and electromotive forces (EMF). A charged surface experiences a 
force, resulting in motion, when subjected to an electric field. While an electric field 
can be generated by the motion of a charged surface. Various different phenomena 
can be found in the literature, as outlined in Figure 16 below. 
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Figure 16, Electrokinetic phenomena (adapted from CROW1'211). 
3.2.1 Electrophoresis And Sedimentation Potential 
For particles in ionic solutions, the ratio of adsorbed charge to particle mass is so 
large that the particles can be set in motion by an electric field, whilst counter-ions 
migrate in the opposite direction. For ionic particles, this is known as ionic 
conductance, while for larger colloidal particles, it is known as electrophoresis. The 
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mobility of colloidal particles is comparable to that of normal ionic species, since 
their larger size is offset to some extent by their ability to accumulate a greater charge. 
In aqueous solutions, anions are the species most likely to undergo specific 
adsorption; therefore, colloidal particles often migrate. towards anodes unless it can be 
arranged for their zeta potential to be artificially high. The actual extent to which 
charge is adsorbed by a colloidal particle depends upon the nature of the particle 
itself; consequently, different particles will migrate at different speeds. 
When colloidal particles undergo forced motion through an ionic solution, then a 
potential difference will result in the direction of motion due to the particle's surface 
charge. This is known as the sedimentation potential, or Dorn effect, and is the 
inverse of electrophoresis. This phenomenon often results from the sedimentation of 
colloidal particles due to gravitational and/or centrifugal forces. 
3.2.2 Electra-Osmosis And Streaming Potential 
Often associated with the migration of particles subjected to an electric field, is the 
transport of water bound in the hydration sheaths surrounding these particles. If, 
however, the solid is maintained in a fixed position, the diffuse region of the double 
layer is mobile and moves under applied electrical field, carrying the solvent 
molecules along with it. This gives rise to a flow of fluid across the surface. The 
effect can be magnified by using a porous material, where movement of counter ions 
across the pores manifests itself as an osmotic pressure. This is referred to as electro- 
osmosis, or electro-endosmosis in some of the literature. 
When an ionic solution is passed over a fixed surface, through a capillary, or through 
a porous membrane, a potential, called the streaming potential, is generated. 
Streaming potential is the opposite of electro-osmosis. Quite large streaming 
potentials can develop in liquids having very low conductivity. This phenomenon is 
particularly problematic in jet aircraft, where the rapid flow of jet fuel may cause 
t1221 sparks and an explosion. 
3.3 Stability Of Colloidal Systems 
The Stem and double layer systems play an important part in the stabilisation of 
colloidal suspensions. Two closely approaching particles will flocculate due to short 
ranging attractive (dispersion) force interactions. However, longer ranging 
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electrostatic repulsion forces prevent this close approach, and variations in ionic 
strength, applied potential and/or zeta potential have a marked effect on the stability 
of such systems. There is roughly a 10-100 fold increase in the flocculation 
effectiveness of electrolytes in going from mono- to di- to trivalent ions. This is partly 
due to decreasing double layer thickness as valence state is increased, and increased 
adsorption in the Stern layer. When the repulsive forces are reduced to such an extent 
that they become lower in magnitude than the attractive forces, coagulation results. 
The stability of colloidal particles in composite electroplating baths may be affected 
by some of the operating parameters discussed in section 2.4. Suspension stability 
increases with decreased settling speed. If the particles are spherical, settling speed 
(v) can be determined by Stoke's law as follows: 
2g, 
(P 
9v 
(eqn. 14) 
Therefore, suspension stability is governed not only by particle size (rfl), but also by 
particle density (pa), which is dependent upon particle type. Also, bath constituents 
and temperature play an important role as they affect the density (pe) and viscosity (v) 
[631 of the electrolyte. 
3.4 Effects Of Surface Charge And Zeta Potential On Composite 
Electroplating 
During composite electroplating, surface charge plays a very important role in the 
codeposition of particles with metal. Particles possessing a positive surface charge are 
electrostatically attracted to the cathode of an electrolysis cell, offering greatly 
enhanced codeposition rates. This was noted by TOMASZEWSKI et a! 1561 who found 
that negatively charged silica particles were less readily attracted to the cathode than 
alumina possessing a positive surface charge. They also suggested that particles 
gained a positive charge from the adsorption of metal ions and H+ ions1551. This latter 
finding was verified by a number of other researchers investigating the codeposition 
of particles with metal [62,64,83,981 Addition of monovalent cations (e. g. Tl+, Rb+, Ce+ 
and NH4+), amino acids(e. g. EDTA), polyamines (e. g. TEPA) or polyimines to 
composite electroplating solutions was found to enhance metal ion adsorption onto 
particles [56,64,831 in suspension. The presence of chloride ions, however, was found to 
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reduce the codeposition of alumina with copper. It was believed that cuprous chloride 
formed in solution became adsorbed onto active sites on the cathode, which either 
gave rise to an increased cell resistance, or prevented adsorption of the alumina 
particles t56,991 . The surface charge of alumina 
in conventional chromium plating 
electrolytes has also proven problematic. This was solved by NARAYAN AND 
CHATTOPADHAY1771 who dry ground the alumina prior to their experiments. This 
changed the surface properties of the particles, producing a positive surface charge. 
MEGURO et a11971, observed that the zeta potential of both a- and ß-SiC in an 
aqueous solution was negative at high pH, but became increasingly positive as pH 
was decreased. The zeta potential of alumina in a dilute copper sulfate electrolyte was 
investigated by LEE AND WAN1981. They found that, as copper concentration is 
increased, the zeta potential of a-A1203 increases, while it is reduced for y-Al203. 
This explains why a-A1203 can be codeposited more easily than y-Al203. HAYASHI 
et at1621 also investigated the copper/alumina system, but used `full-strength' 
electrolytes. In this study, it was discovered that the zeta potential of a-A1203 is 
negative in a concentrate copper sulfate solution, becoming increasingly more so as 
pH was decreased. They concluded that Cu 2+ and H+ ions adsorbed on the alumina, 
provided a positive charge, but this was compensated for by the additional adsorption 
of S042- ions. 
Particles having a surface charge tend to form more stable dispersions because, due to 
their mutual repulsion, they do not agglomerate. By gradually adding cationic 
surfactant to negatively charged particles, BARTLETT1841 demonstrated that 
dispersion stability reaches a minimum when the zeta potential is equal to zero. 
HOVESTAD AND JANSSEN[63j stated in their review that similar results have been 
obtained whereby codeposition was small when zeta potential was negative, inhibited 
when it was zero, and large when it was positive. 
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4 Pulsed Electrodeposition[126] 
Pulsed electrodeposition, or pulse plating as it is commonly known, is essentially a 
method of electroplating metals whereby the current supply is periodically 
interrupted, reversed or cycled. A number of different waveforms can be utilised, such 
as square wave, sine wave or modified sine-wave pulses. Typical square wave pulses 
are shown in Figure 17 overleaf. 
As with DC electroplating, it is possible to obtain deposits with poor thickness 
distributions with pulsed electrodeposition, especially when plating components with 
complex geometries, e. g. printed circuit boards (PCB's). In the case of PCB's, it is 
possible to get a deposit build-up at high current density areas around the through 
holes, which makes automation of assembly lines difficult. A technique known as 
pulse-reverse, or periodic-reverse, can be used to overcome this effect, whereby a 
negative current pulse is periodically applied to a mainly DC current. Similarly, for 
conventional pulsed plating, the deposit thickness distribution may be improved by 
employing single or multiple negative current pulses to give the same effect. These 
techniques work by preferentially removing metal from areas that tend to over plate 
during the cathodic part of the cycle, thus retarding dendrite formation, and/or 
improving the thickness distribution. Additionally, metal removed during the anodic 
pulse(s) gives rise to abnormally high metal ion concentrations at the cathode surface, 
which allows subsequent metal deposition to be carried out at a much higher current 
density. However, care must be taken with these techniques, since they can only be 
employed with coatings which are readily soluble in the electrolyte, otherwise anodic 
passivation may result. 
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The parameters shown in this figure are independent. The average current density. J., 
dependent parameter, can be calculated from the above mentioned parameters. Pulse 
reverse is characterized by three different average current densities: 
J.. j, 4,,. j.,.,, with j. = j., c, + jm(., 
Figure 17, Schematic representation of typical square waveforms and related 
11261 parameters. 
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4.1 Kinetics During Pulse Plating 
For pulse plating, as with DC plating, there are two main factors limiting the 
deposition kinetics; charging of the electrical double layer and mass transport issues. 
4.1.1 Double Layer Effects 
Charging of the capacitive double layer takes a finite time, depending upon the 
current density used, and other physical/chemical parameters of the system. 
Therefore, the on-time (to) should be longer than the charging time of the double 
layer to prevent distortion of the pulse waveform. Also, the off-time (tff) between 
pulses should be greater than the time required for discharge of the double layer. In 
extreme cases, where the on- and off-times are shorter than those for charging and 
discharging of the double layer, the pulsed waveform becomes so distorted that it can 
be likened to a DC current source, see Figure 18. 
(a) 
- 
1p 
LJ---- 
- .. - Ti 
(b) 
JF = faradic current 
j, = total current 
(c) 
i 
(d) 
1 
0 
t 
Figure 18, Effects of Faradic damping on pulse waveformU26l. (a) tc < to,,; no 
damping (ideal situation). (b) t, < to,,; small damping. (c) tc > t,,,,; strong damping. 
(d) t,? t0,,; strong damping. 
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Approximate values for the charge and discharge times of the electrical double layer, 
t, and td respectively, can be calculated from the equations below, in absence of 
detailed knowledge concerning the system involved: 
tc =17 (eqn. 15) 
'p 
td 
120 
(eqn. 16) 
'p 
In order to calculate the charge and discharge times precisely, knowledge of 
electrochemical parameters, such as exchange current density, capacitance of the 
electrical double layer, transfer coefficients and the number of electrons transferred in 
the reaction, must be known. 
4.1.2 Mass Transport Effects 
Mass transport limits the maximum rate of deposition, influences structure and 
properties of the deposits obtained. It also affects micro- and macro-throwing powers. 
During pulse plating, two diffusion layers are created within the solution, as opposed 
to one for DC conditions, this is represented in Figure 19. The first of these is a 
pulsating diffusion layer which pulses at the same frequency as the current. If the 
pulse duration is short, then this diffusion layer does not extend very far into the 
solution, and in particular does not extend into the region where convection takes over 
the mass transport. Since metal being deposited during the pulse must be transported 
to the pulsating diffusion layer, a concentration gradient also builds up in the bulk of 
the electrolyte. The thickness of which corresponds to that of the diffusion layer 
produced during DC electroplating. Depletion of cations in the pulsating diffusion 
layer limits the pulse current density, while depletion of cations in the outer diffusion 
layer limits the average current density. The concentration gradient of the pulsating 
diffusion layer can be very high, and increases with decreasing pulse time. This 
allows extremely high current densities to be used without loss of current efficiency 
due to hydrogen evolution. 
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Figure 19, Concentration profile of the two diffusion layers which form during 
pulsed electrodeposition[1261. 
For DC electrodeposition, mass transport is limited by hydrodynamic conditions set 
up within the bulk of the electrolyte. If there is no agitation, the rate of mass transport 
is limited by free convection created by concentration and temperature gradients; 
however, for agitated solutions, forced convection determines the rate of mass 
transport. Pulse plating is similarly limited by hydrodynamic conditions, but the 
applied pulse parameters also have an effect. Pulse limiting current density, where 
concentration reaches zero at the end of a pulse, depends on the choice of pulse 
parameters, in particular the on- and off-times. Longer ton gives a lower pulse limiting 
current, while longer toff gives higher values of pulse limiting current. 
lm =ý 
ton 
t P ton + 
ofr 
N 
U 
C 
U 
(egn. 17) 
t_ 
Figure 20, Relationship between pulse time and current density variables [1261. 
When electroplating is carried out at or near to the limiting current density in DC 
plating, the coatings obtained are usually dendritic or powdery. Therefore, the applied 
current density is usually in the order of 10-20% that of the limiting current density. 
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For pulse plating, however, smooth deposits can be obtained at the pulse limiting 
current provided that the pulsating diffusion layer thickness is extremely small (less 
than the height of surface asperities). Smoothness is also affected by the pulse 
frequency, since it is possible for the diffusion layer to diverge from the surface 
profile under low frequency conditions. Most importantly, the average current density 
should remain well below the average limiting current density for DC conditions. 
When the limiting current density for DC plating is exceeded, current efficiency is 
reduced. The same is true for pulse plating when the average limiting current density 
is exceeded. 
4.1.3 Nucleation And Crystallisation 
As a result of being able to use very high current densities, nucleation of new crystals 
on the surface is increased. This, in turn, results in finer grain structures than those 
obtainable under DC conditions. During the off-time, recrystallisation may occur, 
since small grains are thermodynamically less stable than larger ones. This may only 
happen if the surface remains active during this period. If the surface becomes 
inhibited due to adsorption of different species from the bath, recrystallisation will not 
occur, and the fine grains become stabilised. 
4.1.4 Kinetics Of Alloy Deposition 
If an electrolyte contains more than one species that can be deposited, variations in 
deposition kinetics mean that these species will have different deposition rates. This 
applies not only to alloy deposition, but also electroplating with hydrogen evolution. 
In alloy electroplating, if the slope of the polarisation curve for metal 1 increases 
faster than that of metal 2, then the current efficiency of metal 1 usually increases 
with increasing pulse current density. Likewise, in metal deposition with hydrogen 
evolution, if the slope of the polarisation curve for metal deposition rises faster than 
that for hydrogen evolution, the current efficiency for metal deposition usually 
increases with increasing pulse current density. However, adsorption and desorption 
effects can create unexpected trends. An example of this is that hydrogen tends to 
desorb during off-times. Therefore, a given charge is needed to create a new desorbed 
layer of hydrogen, and if the charge needed to do this is significant, then the current 
efficiency of metal deposition can show a marked reduction. 
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Figure 21, Current-voltage curves for two competing reactions with different 
kinetics. L'Z6l 
4.2 Benefits Of Using Pulsed Electroplating 
A number of benefits can be obtained from using pulsed electroplating over 
conventional DC techniques, these include; 
0 Increased nucleation, and hence refined grain structure. 
" Improved deposit properties (due to a more compact layer with less residual 
stress), such as ductility, hardness, electrical conductivity, wear resistance, 
corrosion performance and reduced surface roughness (all related to structure). 
9 Reduced porosity due to better nucleation and denser build-up of grains. 
" Ability to deposit alloys with a composition and structure not obtainable with 
DC plating. 
" Improved thickness distribution by using anodic pulses. 
" Effective in reducing the codeposition of gasses (i. e. reduction of hydrogen 
embrittlement), and the amount of inclusions present within the deposit. 
4.3 Pulsed Deposition Of Composite Coatings 
From the literature available, it seems that little work appears to have been carried out 
in the field of pulsed composite electrodeposition. However, by the combination of 
both technologies, coatings having unique properties are made possible. 
One of the earliest references, dating back to 1962, on pulsed composite electroplating 
was by WHITHERSE1161 who found that the use of pulse-reverse current produced 
nickel composites possessing more uniform particle distributions. It appears that no 
66 
ab 
Literature Review - Pulsed Electrodeposition M. Simmons 
further interest was shown until 1976. In this year, FOSTER AND CAMERON1811 
attempted to determine the importance of the electrostatic bond formed during initial 
stages of metal/particle codeposition using relatively long cycle times. Again, little 
interest was shown in pulsed deposition of composite coatings until the late 1980's, 
when SOVA[821 codeposited zirconium particles with a nickel-cobalt alloy onto 
carbon fibre composite substrates. The author stated that electrodeposited coatings on 
such surfaces can be highly porous due to the presence of adsorbed hydrogen on the 
cathode surface. This problem was apparently overcome by using pulsed current, both 
with and without anodic pulses, since hydrogen was able to desorb during off-times. 
Pulsed deposition reportedly caused a small shift in the alloy ratio of nickel and cobalt 
deposited in the coating matrix material. Under direct current conditions, the 
zirconium content in the coating was dependent upon the current density of 
electrolysis. However, no such dependency was found when pulsed current was 
employed. Other work carried out almost a decade later by KENTEPOZIDOU et 
alt"" investigated the codeposition of water-containing microcapsules with nickel. 
They concluded that by using pulse-reverse, it was possible to obtain better results 
regarding the capsule incorporation, than when DC conditions were used. Similar 
work by PSARROU et alt127] studied the possibility of depositing oil-containing 
microcapsules with nickel, and SiO2 with copper. The use of pulsed current allowed 
composites to be produced having increased particulate contents which were more 
uniformly dispersed throughout the coating, when compared to coatings produced 
under similar DC conditions. The authors also noted that for Cu/SiO2 composites, 
codeposition could be increased by decreasing the duty cycle, whereas pulse 
frequency had no effect. In the same year, PODLAHA AND LANDOLT[1281 
investigated the codeposition of y-alumina with copper, using the pulse-reverse 
technique. Similar to the research previously mentioned, these workers found that 
greater particle codeposition rates could be achieved if the duty cycle was reduced. 
However, as duty cycle approached zero, the rate of cathodic deposition tended to be 
cancelled-out by the anodic dissolution reaction, and no coating was formed. Use of 
this technique was believed to offer a method of controlling the preferential 
codeposition of certain particle sizes, but it was stated that further work was needed to 
verify this. 
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ORLOVSKAJA et all 1291 demonstrated that it was possible to create compositionally 
modulated composite Ni/SiC coatings by stepwise alteration of the DC current 
density. They then went on to study the effects of pulsed electrodeposition. Three 
different pulse regimes were used; conventional interrupted pulse, pulse-on-pulse and 
pulse-reverse to investigate their effects on particle codeposition. Coatings produced 
by the use of a pulse-on-pulse type waveform were reported to show an unusual 
combination of hardness, ductility, low internal stress and a high resistance to hot- 
oxidation. Coatings produced by simple interrupted pulse (i. e. duration of current 
flow, followed by an off-time) provided coatings having a low particle content and 
hardness, along with an extremely poor hot-oxidation resistance. The highest 
codeposition rates, hardness, and hot-oxidation resistance were reportedly achieved 
through the use of pulse-reverse current, although the ductility of these coatings was 
dramatically reduced. 
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5 Tribology 
5.1 A Typical Metallic Surface 
In typical industrial environments, the surface of a metal is made up from a number of 
surface films, see Figure 22. The first of these films is the oxide layer produced by 
reaction with oxygen in the atmosphere. On noble metals, such as gold and platinum, 
this layer is thought to be either non-existent or on an atomic scale as a monolayer. 
Next comes the adsorbed gas layer, which usually consists of molecules of water 
vapour and oxygen. Finally, there is the contaminant layer, usually made up from oils 
and greases, transferred by handling, or by particles in the air. 
Contaminant layer 
Adsorbed gas layer 
Oxide laver 
rdened layer 
bstrate 
Figure 22, Schematic of films present on a typical metal surface11301. 
5.2 Friction -A Definition 
Friction was described by RABINOWICZE1301 in his book as "the resistance to motion 
which exists when a solid object is moved tangentially with respect to the surface of 
another which it touches, or when an attempt is made to produce such motion". 
5.3 Quantitative Laws Of Sliding Friction 
It is necessary to understand the difference between the apparent and real area of 
contact before proceeding onto the laws governing frictional behaviour. Apparent area 
of contact (Aa) is the geometrical area between two contacting surfaces obtained, in 
the case of rectangular contact, by multiplying the contact length and width together. 
Such a basic method is wholly inadequate in the field of friction analysis, due to the 
effects of surface roughness. The real area of contact (Ar) takes surface roughness into 
account by assuming contact only occurs at tips of individual asperities, thus reducing 
the overall area of contact, see Figure 23. 
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Figure 23, Apparent and real areas of contact11301. 
In quantitative terms, friction is expressed as a force (FF). When a tangential force 
(FT) is applied to a body, see Figure 24, two situations can occur, and it is important 
to distinguish between the two. 
Load (L) 
FF FT 
Figure 24, Force equilibrium diagram for an object on a horizontal surface[1301. 
The first situation occurs when FT is less than or equal to the friction force, and no 
sliding takes place. It has been proven experimentally that if this force is halved, then 
the friction force is also halved. This is the first law of friction, i. e. "In any situation 
where the resultant of the tangential forces is smaller than some force parameter 
specific to that particular situation, the friction force will be equal and opposite to the 
resultant of the applied forces and no tangential motion will occur "[13oß An exception 
to this law can be found at microscopic levels, where very small displacements of 
between 10-5 to l0-4cm occur almost immediately upon the application of a tangential 
force (FT). After this, the motion stops unless one of the materials is prone to creep, in 
which case the moving body tends to creep over the fixed surface at very low speeds, 
rapidly decaying to zero. There is, therefore, a slight difference between the tangential 
force and the friction force (FF) in most circumstances. The next situation arises when 
FT is large enough to overcome the friction force, and sliding occurs in the same 
direction as the applied force. This gives rise to the second law of friction, i. e. "When 
tangential motion occurs, the friction force always acts in a direction opposite to that 
of the relative velocity of the surfaces"[ 1301 However, as sliding occurs, the friction 
force tends to fluctuate randomly by a few degrees from uniform forward motion on 
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surfaces with or without any obvious directional properties. These effects are, 
however, reasonably insignificant. 
There are four quantitative laws relating to the magnitude of the friction force, as 
follows: 
1. "The friction force (Fr) is proportional to the applied normal load (L)"I1301, as in 
eqn. 18. 
F. = , UL (eqn. 18) 
,u can often 
be expressed in terms of a friction angle (0) as in eqn. 19, see Figure 
25 
,u= tan 
O (eqn. 19) 
L 
Figure 25, Force equilibrium diagram for an object on an inclined planet1301. 
However, this is not the case with very hard materials like diamond and very soft 
materials such as PTFE, since the real and apparent areas of contact become 
similar in value. In most cases with such materials, sliding friction takes on a law 
of the kind shown in eqn. 20, where c is a constant and e is a fraction varying 
between 0.66 and 1. Another situation where the friction force does not obey eqn. 
18, is when the surface consists of a hard thin outer layer, with a softer substrate. 
At low loads, the hard surface layer remains unbroken and its friction properties 
are dominant. However, when the loads are greater the outer layer can become 
damaged and the properties of the substrate become more noticeable. 
FF = cLe (eqn. 20) 
2. "Friction is independent of the apparent area of contact, therefore large and small 
surfaces have the same coefficient of friction" 1301 In the case of very smooth and 
very clean surfaces, there is a strong interaction between the mating surfaces. In 
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such circumstances, the friction force becomes independent of the load, but 
proportional to the apparent area of contact, which has become the real area of 
contact. 
3. "The coefficient of friction is independent of sliding speed' 11301. This is not strictly 
true, since the force required to initiate sliding is greater than that to maintain 
sliding. Due to this reason, two coefficients of friction are quoted in literature, one 
for `static' (for surfaces at rest) friction and another for `kinetic' (for surfaces in 
motion) friction. Sometimes, only one value is stated for the coefficient of friction 
in literature. In such situations, the kinetic coefficient of friction is usually being 
referred to. However, it has been shown that this is an oversimplification, since 
the static coefficient of friction varies as a function of contact time, while kinetic 
friction is a function of velocity. Fortunately these effects are often negligible, as 
the coefficient of friction only changes by very small amounts over a large range 
of velocities and can be disregarded. 
4. "The coefficient of friction is independent of surface roughness"'1301. This 
statement is incorrect. As mentioned previously, very smooth surfaces have high 
coefficients of friction due to increased real area of contact. Very rough surfaces 
also have high coefficients of friction because the sliding surface must be lifted 
over the highest peaks (asperities) of the other. In the wide range found between 
these, i. e. those found in `normal' engineering practice, friction is at a minimum 
and almost independent of roughness. 
5.4 Theories Relating To The Mechanisms Of Friction 
A number of theories have been proposed over the years in attempts to understand the 
mechanisms by which friction occurs, such as those of mechanical interlocking, 
molecular attraction, electrostatic force interactions and adhesion-shearing-ploughing. 
Of the theories mentioned above, workers investigating friction only tend to regard 
that of adhesion-shearing-ploughing as being the true friction theory. The theory of 
mechanical interlocking was first proposed by AMONTONS AND DE LA HIRE[1311 
in 1699. They attributed the friction forces in metals to the mechanical interlocking of 
the surface roughness elements. Molecular attraction has been proposed by both 
TOMLINSON11321 and HARDY11331. In this theory, friction is thought to be due to 
"energy dissipation when the atoms of one material are `plucked' out of the attractive 
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range of their counterparts on the mating surface"[1341. The theory, based around the 
interaction of electrostatic forces, states that friction results from a net flow of 
electrons occurring at the surface interfaces, holding the surfaces together by 
electrostatic attraction. The theory of adhesion-shearing-ploughing was proposed by 
BOWDEN[135 in 1950. He stated that friction results from plastic flow and local 
adhesion, caused by the high pressures developed at individual asperities. This forms 
`junctions' between the two surfaces, which are then sheared by sliding. The 
ploughing term of the theory arises when asperities of the harder surface `plough' 
through the softer material, contributing to the friction force. 
5.4.1 The Adhesion-Shearing-Ploughing Theory I 
There are two main factors contributing to the total friction force (FF) between two 
unlubricated solid surfaces, see eqn. 21. Of these, the first term relating to the 
adhesion occurring between the areas of real contact is considered of primary 
importance. 
FF Fadhesion + Fdeformation (eqn. 21) 
The adhesion-shearing-ploughing theory states that when two metal surfaces make 
contact under load, the tips of the major contacting asperities plastically deform and 
adhere to one-another. When a tangential force is applied, the newly adhered 
asperities must be sheared before any motion can occur. This can be represented by 
eqn. 22, where the total sheared area is assumed equal to the real area of contact (Ar) 
and the shear strength of the newly formed `junction' is denoted by S. 
Fadhesion = Ar Ss (eqn. 22) 
With any surface, there will be some asperities that may not take part in the process 
outlined above. Instead, the asperities of the harder surface tend to `plough' through 
the matrix of the softer material, giving rise to the deformation term of eqn. 21. This 
could also be referred to as the ploughing force. However, the ploughing term is 
usually disregarded because it is rather insignificant in relation to the adhesion term, 
therefore eqn. 21 becomes: 
FF = A, 
S,, (eqn. 23) 
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Both sides can now be divided by the applied load (L) to obtain the coefficient of 
friction. However, since the asperities are deforming plastically, load is equal to the 
plastic flow pressure (P1, ) multiplied by the area of plastic flow (As), see eqn. 24. 
Fr ArSS 
Lu ApPP 
(eqn. 24) 
If the real area of contact and area of plastic flow are equal, both area terms in eqn. 24 
can be cancelled. The resulting equation can be further simplified by assuming that 
there is no work hardening in the surface. Under such conditions, the shear strength of 
the junctions is approximately equal to that of the softer material. According to the 
Tresca yield criterion, this is equal to Y/2. Also, PP is equal to the indentation hardness 
of the softer material, which in turn is equivalent to 3Y, so eqn. 24 becomes: 
S3 
_0.5Y=0.2 PP 3Y 
(eqn. 25) 
In practice, the coefficient of friction for metals in dry sliding is far greater than 0.2. 
The main reason for this is that, during simple adhesion-shearing-ploughing, `junction 
growth' takes place. The effects of surface cleanliness and work hardening also have 
to be taken into account. 
5.4.1.1 `Junction Growth' 
As mentioned above, the real area of contact between two asperities was assumed to 
be the same as the area of shear, see eqn. 22. This, however, is not the case, because 
included in this assumption was the fact that pressure caused by the normal load, and 
shear stress caused by the tangential force, were independent of each other, and could 
be considered separately. In reality, the plastic flow pressure (Pr) varies according to 
the contact pressure (P). However, the only way that contact pressure can vary is if 
the area of asperity contact increases, because the normal applied load is constant and 
cannot change. The net result is that an increase in the value of tangential force is 
needed to initiate sliding, in turn leading to an increase in the coefficient of friction. 
Therefore, the plastic flow pressure from eqn. 25 needs to be modified, as follows, 
where a is a constant having a value approximately equal to 10, and the other 
variables have already been determined. 
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Pp' =P2 +aS52 
5.4.1.2 Surface Cleanliness 
(eqn. 26) 
Surface cleanliness plays quite an important role in junction growth and therefore 
affects the coefficient of friction values obtained from the basic adhesion-shearing- 
ploughing theory. 
When two perfectly clean metal surfaces are placed together, strong metal to metal 
bonds are formed at the contacting asperity tips. This gives rise to a situation where 
the interfacial atoms in one of the surfaces cannot distinguish between those of the 
other. Consequently, forces at the interface become similar to those experienced by 
the main bulk of the material. They are only similar, however, because imperfections 
occur between the crystal lattices, due to mismatches, giving rise to weak points 
within the adhered `junctions'. These weak points may, nevertheless, close-up due to 
plastic flow or diffusion, and the interface becomes insignificant, so that adhesion 
corresponds to the strength of the materials. The same can be said for dissimilar 
metals, except that the interfacial forces are an average of the interatomic forces for 
each contacting metal. 
When surface contaminants are present, see section 5.1, full metal to metal contact is 
not possible, leading to a reduction in the strong interfacial adhesion noticed with 
clean metals. Consequently, the shear strength of the interface is reduced to a value 
below that of the softer metal, as demonstrated by Figure 26. 
µ=F/W 
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Figure 26, Junction growth as a function of surface cleanliness[1341 . 
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C is the cleanliness factor of a given surface, and is determined by dividing the shear 
strength of the interface in the presence of contaminants by the shear strength of the 
softer metal. If a surface is perfectly clean, i. e. C=1, it is common for the real area of 
contact to increase from its initial value (Ao) by a factor of 10 times. As the surfaces 
become increasingly impure, the coefficient of friction is further reduced. 
5.4.1.3 Work Hardening 
During plastic deformation, most metals exhibit some degree of work hardening. 
Work hardening creates an additional pressure increment that must be added to the 
plastic flow pressure of the softer metal, shown in Figure 27. As a result, the shear 
strength of the plastically deformed metal increases, as does the shear strength of the 
`junctions'. The effects of work hardening upon the coefficient of friction can often be 
neglected because they are small when compared with those of junction growth. 
Pressure, P 
ork hardening 
lastic flow 
Strain, E 
Figure 27, Ideal and actual plastic flow at asperity peaks1134' 
5.4.1.4 Stick-Slip Friction 
Stick-slip frictional behaviour is the `jerky' motion that may result when certain 
material combinations slide across one another, `noise' is present in the sliding system 
or when the friction-testing device has a low stiffness. It is typified by the irritating 
problem of a squeaky door hinge. If stick-slip occurs, it shows up as an erratic curve 
in the kinetic portion of a friction force versus time graph. This makes it difficult to 
state an actual coefficient of friction for that system. Some investigators report a 
maximum and a minimum value, while others merely state that stick-slip occurred, 
meaning that the results obtained were not particularly meaningful. There is much 
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uncertainty as to what mechanism actually causes stick-slip. One school of thought 
believes it to be caused when the friction versus velocity chart has a negative slope, 
while others believe it to be caused when the kinetic coefficient of friction is greater 
than the static coefficient. BUDINSKIL1361, however, believes it to be a function of the 
system's spring behaviour. He justified this by explaining how stick-slip occurs when 
nylon line is used in sled type tests. 
5.4.2 Lubricated Friction 
If a sliding system is fully separated by a film of liquid lubricant (which can be oil, 
water, gas, etc. ) there is no intimate contact between the sliding surfaces and the 
coefficient of friction effectively becomes that of the fluid. In the case of boundary 
lubrication, the lubrication film is much thinner and the surfaces are partially in 
contact. As a result, friction is a function of the combined properties of the sliding 
surfaces and lubricant film. In situations where dry film, or solid, lubricants are used, 
the coefficient of friction is that of the lubricant film slipping upon itself, or an 
unlubricated surface slipping on the solid lubricant film. Fluid lubricants generally 
tend to have coefficients of friction of up to ten times lower than those for dry film 
lubricants. 
5.4.3 Friction Of Metals 
In most applications where metal slides upon metal, some kind of lubrication is 
applied between the two surfaces to reduce friction to desirable levels. However, in 
some situations, lubrication is impractical or impossible, or has failed due to a number 
of reasons. In such circumstances, metal to metal contact occurs, as described below. 
If sliding is prolonged, the lubricant film gets worn away, and friction increases. On 
mating surfaces, where the grease film has been thoroughly removed, two types of 
behaviour can often be observed; severe frictional behaviour and mild frictional 
behaviour. In severe frictional behaviour, the friction coefficient is high (in the range 
of 0.9 to 2.0), with large irregular fluctuations in the friction force. After sliding, a 
few tracks will be present on one of the surfaces due to ploughing. These tracks are 
usually large with irregular sides. Particles, generally greater than 50µm in diameter, 
can be found on one of the surfaces by inspection under a microscope. In mild 
frictional behaviour, the friction coefficient is much lower (in the range of 0.3 to 0.7), 
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and the friction force is either very steady or fluctuates regularly between two distinct 
values. After sliding, a large number of tracks will be present, but these will be fine in 
appearance and investigation under a microscope will reveal small particles of 
approximately 25µm diameter on one of the surfaces. 
Generally, severe friction results when the two sliding surfaces consist of the same 
metal, or metals with similar properties, whereas for totally dissimilar metals, mild 
friction prevails. 
For friction in alloyed metals it is necessary to differentiate between single-phase and 
multiphase alloys, since both exhibit different frictional properties. Single-phase 
alloys tend to behave like pure metals, with the properties of the major alloying 
element being predominant. Severe wear will result if the alloy slides on a like 
material. However, multiphase alloys tend to give mild frictional behaviour, 
especially when the less prominent phase is softer than the main alloying constituent. 
In such cases, the softer phase acts as a lubricant by being `smeared-out' over the 
alloy surface, reducing friction and surface damage. 
5.4.4 Friction Of Non-Metals 
Friction of non-metals is considerably different to that observed for metals. This is 
because metal surfaces tend to be highly reactive to oxygen in the atmosphere, and 
have high surface energies, so that gases and grease films are strongly attracted to the 
surface. However, for non-metals, contamination of the surface does not have such a 
great effect upon frictional properties. In the vast majority of cases, surface oxides do 
not form, and grease films only have a small influence under most conditions. There 
is little variation in the coefficients of friction for metals, whereas in non-metals there 
is far greater variance due to the wide range of materials available, e. g. ice, diamond, 
rubber, concrete, leather, etc. Despite this broad difference, the typical behaviour of 
each individual non-metal remains reasonably consistent so that frictional properties 
can be assigned. 
The standard laws of sliding friction, as outlined in section 5.3, are obeyed for the 
majority of non-metallic materials, but there are a few notable exceptions, as follows. 
" Highly elastic materials give coefficients of friction which decrease as load 
increases. Diamond, various polymers and MoS2-resin combinations are some 
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of the materials that demonstrate this effect particularly well. One explanation 
for this phenomenon is that these materials have high values of maximum 
elastic strain. Therefore, during sliding their deformation is elastic rather than 
plastic, as for most other materials. 
" Layer-lattice materials, e. g. graphite, molybdenum disulfide and cadmium 
iodide, make excellent dry lubricants, applied either as a powder or mixed 
with a strong resin and bonded to the surface. See section 6 on solid lubricants 
for further discussion. 
" Polytetrafluoroethylene (PTFE or `Teflon') has a very low surface energy and 
does not readily form strong bonds with other materials, resulting in a low 
adhesion force. This gives very low coefficients of friction, approximately 
0.04, at both high and low loads. 
5.5 Friction Measurement 
BLAU'1371, in his book, stated that "frictional behaviour is a property of the 
tribosystem, and not exclusively of the materials in contact, no single test can 
stimulate all types of frictional situations. Rather, the method of testing must be 
selected to address the specific needs of the investigation". Indeed, friction 
measurements in the laboratory are often designed with the aim of simulating 
particular contact situations, screening materials for friction applications, acquiring 
non-system specific ('generic') friction information, or to learn about the fundamental 
nature of friction for both lubricated and unlubricated solids by controlling various 
friction affecting parameters. 
5.5.1 History Of Friction Testing 
The forefather of friction testing was quite possibly Leonardo Da Vinci. He conducted 
experiments to investigate the phenomenon that we now refer to as friction. Some of 
his sketches, dating back to around 1495, show the apparatus that he used. Schematics 
of which can be seen in Figure 28. Such devices were used to prove that friction force 
is dependent upon the applied force holding the surfaces together, and that it was 
independent of apparent contact area. 
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Figure 28, Schematics of Da Vinci's friction testers[1381. 
M. Simmons 
It wasn't until around 1750 that the concept of a coefficient of friction existed. Euler, 
a mathematician, noticed that there was a relationship between the applied normal and 
tangential forces, now referred to as the coefficient of friction. He also introduced the 
concept of static friction. Now, friction had to be considered for two situations, both 
static and sliding. 
Traditionally, inclined plane tests have been used to determine the static coefficient of 
friction, while the kinetic coefficient of friction has been found using devices similar 
to those used by Da Vinci. Even with modem technology, a similar situation exists 
today; except that with the advent of electronic force measuring devices, both static 
and dynamic friction tests can be carried out using just one piece of equipment. 
5.5.2 Classification Of Tribometers 
Any apparatus used for the investigation of friction is usually referred to as a 
tribometer, defined in the Oxford English Dictionary[1391 as "an instrument for 
estimating sliding friction". A number of methods for subdividing tribometer types 
have been suggested over the years. A few of the more important ones are mentioned 
below. The Subcommittee on Wear, for the American Society of Lubrication 
Engineers (ASLE), in 1976, carried out an extensive survey of the testing methods 
being used in research laboratories [1401 Two hundred and thirty four responses were 
obtained and grouped into twelve categories based upon large-scale contact, as 
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follows. Each response outlined the operating parameters, materials tested, and in 
some circumstances how the machine was used for specific cases. 
" Multiple sphere 
" Crossed cylinders 
" Pin-on-flat (reciprocating or linear motion) 
" Flat-on-flat (reciprocating or linear motion) 
" Rotating pins-on-disc (face loaded) 
" Pin-on-rotating disc (face loaded) 
" Cylinder on cylinder (face loaded) 
" Cylinder or pin-on-rotating cylinder (edge loaded) 
" Rectangular flat on rotating cylinder (edge loaded) 
" Disc-on-disc (edge loaded) 
" Multiple specimens 
" Miscellaneous 
BLAU11371 believed that separating tribometers into two types, based on the 
conformity of large-scale surface contact (macro-contact), was a convenient method 
of classification. Conformal surfaces fit together so that the nominal area of contact 
does not change as wear occurs, e. g. two flat surfaces contacting each other. Non- 
conformal surfaces are those which have their centres of curvature opposing each 
other, e. g. two cylinders rotating against each other. This non-conformal contact 
situation was referred to as Hertzian contact by BUDINSKIt1361. A major disadvantage 
of conformal testing, is that it can be difficult to align the specimen surfaces so that 
they are exactly parallel, resulting in `digging in', a process analogous to machining. 
This can be largely overcome if sharp edges are chamfered or rounded. Non- 
conformal, or Hertzian, surfaces do not need such accurate alignment, however, as 
testing continues, wear takes place and the surfaces tend towards conformal contact, 
thus changing the overall contact pressure, and hence affecting the friction coefficient. 
It must be noted that this is not strictly the rule with non-conformal surfaces, as both 
elements of the system may wear in such a way as not to affect the contact area 
appreciably, e. g. the wheels of railway rolling stock. Therefore, the `running-in' 
characteristics of test samples must be carefully considered when trying to interpret 
results obtained from non-conformal tests. Such problems do not exist for conformal 
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testing. Further information regarding the design and selection of tribological test 
apparatus can be found in Appendix A. 
According to BLAU""', "It is typical in reporting either static or kinetic friction of 
unlubricated solids that two decimal places and no more are reported". The main 
reasons for this, are that values of friction coefficient obtained for most solid 
combinations lie between 0.10 and 2.00, and that the friction force varies during 
sliding. This variation can be larger than 0.01. If the measured coefficient of friction 
falls to a value below 0.01, then it is perfectly justifiable to report figures to a higher 
accuracy. 
5.5.3 Specimen Preparation And Cleaning 
BLAU' 1371 mentions that there is no `best-way' to prepare the surfaces of friction test 
specimens. However, they must be prepared correctly, otherwise meaningless results 
may be obtained. Surface preparation can be divided into three categories; forming the 
proper flat or contour, cleaning, and handling. 
If the friction test is being used to simulate specific components, then it is essential 
that the test samples have the same surface finish, lay and heat-treatment as the part 
being simulated. Mechanical forming processes produce residual stresses and work 
hardening in components, altering the surface hardness characteristics to depths of 
5µm or greater, depending upon the operation and degree of working. 
If the components are cleaned using certain methods prior to their installation, then 
the test samples should also be cleaned in the same way. The effects of surface 
preparation upon friction coefficient was investigated, whereby two panels of stainless 
steel were compared; one of which was buffed, leaving any machining effects intact, 
and the other was anodically electropolished. Micro-indentation hardness tests were 
then carried out on both. It was found that initially the buffed surface proved to be the 
hardest due to residual machining damage. This coupled with its initial smooth 
surface, prevented further surface damage, and hence any work hardening from 
occurring. However, the other surface was initially softer, but upon sliding, work 
hardening occurred and consequently the surface hardness became greater than that of 
the buffed sample. 
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Cleaning of surfaces for friction testing appears to be an area of great confusion in the 
world of tribology. No standard methods appear to have been devised and there is a 
wide range of procedures available to anyone conducting such tests. Even amongst 
procedures detailed by recognised professional bodies, such as those laid out by the 
ASTM, there is no consistency between the cleaning methods given. Some methods 
are rather vague, while others provide more detail. 
It is widely regarded that unwanted grease films can be removed from surfaces by 
using standard solvents such as acetone or carbon tetrachloride. This is not strictly 
true since the outer layers of grease are removed, but a thin film remains unless the 
solvent is completely free of suspended grease particles. RABINOWICZP301 in his 
book mentions that if a perfectly grease free surface is washed in commercial grade 
solvent, impurities will be transferred from the solvent onto the clean surface. 
RABINOWICZ then outlined two potential methods for the preparation of grease free 
surfaces. Method one consists of preparing the surface by a cutting process, such as 
abrading the surface with fine abrasive paper and/or lapping or polishing it under 
water, or cutting the surface using a clean tool and no cutting fluid. Method two 
consists of dissolving the grease film by either treating with strong caustic soda 
solution followed by a rinse in distilled water; or by allowing the vapour from a pure 
organic solvent to condense on the surface and then run off, carrying any impurities 
with it. However, in the past few years, health concerns with regard to carcinogenic 
chemicals and legislation controlling atmospheric pollution has deemed some of the 
chemicals used in the past, for cleaning operations, unsuitable for use, e. g. 
trichloroethane (a carcinogen) and Freon 113 (the ozone destroying chlorinated 
fluorocarbon, CFC). According to BLAU11371, additional problems can be experienced 
when using certain solvents, such as ethanol and acetone, since they tend to absorb 
water, which can leave stains or films on the surface of test samples. A suitable 
alternative to ethanol is methanol. While most investigators involved with friction 
testing prefer to use such chemicals as those mentioned above, some still prefer 
simple scrubbing down with detergent and warm water, rinsing and then drying in air. 
It is possible for some of the `standard' cleaning fluids to dissolve certain materials, 
so it is essential that the two are fully compatible. This may prove difficult at times, so 
the use of compressed air or inert gas to remove any surface particles prior to testing 
is common. However, the test surfaces of the sample should not be touched with bare 
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hands during handling otherwise errors may result. This last point is common to all of 
the other cleaning operations mentioned, because touching the surface will transfer 
small amounts of sweat from the skin onto the freshly cleaned surface. Sweat is 
approximately 98% water and 2% other substances, such as sodium chloride, urea, 
sulfates, albumin and fatty acids. Some of these substances make effective lubricants, 
and can modify the coefficient of friction measured. In addition, test specimens 
should not be blown upon to remove any remaining particles or dust for the same 
reasons. 
RABONOWICZ11301 suggests two methods to determine whether a surface is free 
from grease, see Figure 29. In the first test, a droplet of water is placed onto the 
surface. If it spreads evenly across the surface, then the surface is clean and grease 
free, but if it forms a globule, then the surface is contaminated. In the second test, the 
surface is gently breathed upon. If a visible mist is formed, the surface is 
contaminated, but if the film is transparent, then the surface is, again, free from 
contaminants. Both of these rely on the fact that water will not wet greasy surfaces, 
but it will wet grease free surfaces. However, this method would be unsuitable for 
checking the cleanliness of polymeric surfaces. 
Clean 
(a) 
---------- ----------- ---------- ---------- 
Contaminated 
----------------------------- -------------------------- Clean Contaminated 
(b) 
Figure 29, Schematic showing appearance of water droplets on a metal 
[13oi surface. 
If fundamental friction studies are to be carried out, the surfaces are usually polished, 
etched, solvent etched and dried. After which they may be exposed to short-wave 
ultraviolet light or placed in a vacuum oven to desorb any contaminants that may still 
be present. 
BLAU11371 recommends that whichever method of cleaning is used, it is essential that 
it is fully described when reporting the test results. 
84 
Literature Review - Solid Lubricants M. Simmons 
6 Solid Lubricants 
SILNEYt141I defines solid lubricants as "thin films composed of a single solid or a 
combination of solids introduced between two rubbing surfaces for the purpose of 
reducing friction and wear". Graphite and molybdenum disulfide are the most 
commonly used solid lubricants, and have been known since before the industrial 
revolution. In recent years, PTFE has also found widespread use due to its `non-stick' 
properties. 
6.1 Characteristics Of Solid Lubricants 
Solid lubricants are typified by a number of characteristics, the first of which is low 
shear strength. Direct microscopic observations of solid lubricants have shown that 
sliding is accompanied by severe ductile shear of the lubricant film. If the solid used 
is crystalline, shear occurs by slip along preferred crystallographic planes. The solid 
lubricant should also be adherent, so that it is not displaced when motion occurs. 
Another important characteristic is low abrasivity; however, this is a relative property 
that is a function of the hardness ratio between the lubricant and sliding surfaces. 
From this, it is obvious that the lubricant film must be the softest element within the 
tribosystem, so that abrasive wear does not take place. Finally, solid lubricants must 
be thermodynamically stable in the intended conditions of use to avoid degradation by 
corrosion from oxygen and salt-spray. This is particularly important at higher 
temperatures. 
6.2 Layer Lattice Solid Lubricants 
Layer lattice solid lubricants usually have crystal structures that consist of parallel 
planes of hexagonal oriented atoms, a typical example of which is graphite, see Figure 
30, and the group of compounds known as dichalcogenides. These planes are 
separated by relatively large distances, the c spacing, but held together by weak 
residual forces. The distance between individual atoms within each plane is referred to 
as the a spacing. Compounds with a high c/a ratio have very anisotropic shear 
properties, with shear occurring preferentially parallel to the planes of atoms. During 
sliding of these and similar materials upon a surface, fine platelets are detached from 
the main bulk of the material, and deposited onto the lubricated surface, see Figure 31. 
A point worthy of note, is that some metals with c/a ratios greater than about 1.6 and 
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hexagonal structures tend to have lower coefficients of friction in a vacuum than other 
metals with low c/a ratios. 
I 
(c spacing) 
3.35 f1 
(a spacing) 1.42 A 
Figure 30, Crystal structure of graphite[1301. 
GraDhite 
platelets 
Figure 31, Schematic showing fine platelets being removed from solid lubricant 
L13o1 during sliding. 
6.2.1 Graphite 
Graphite is the hexagonal form of carbon, as outlined above, which finds widespread 
use as a solid lubricant, however, under certain conditions its lubricating properties 
fail. At `normal' air temperature it acts as a lubricant, but at higher temperatures or in 
a vacuum it fails, unless moisture or some other condensable vapour is adsorbed. 
Even in the presence of a condensable vapour it will still fail to lubricate above the 
desorption temperature, and will do so until the temperature is sufficiently high that 
the metal being lubricated becomes visibly oxidised. Graphite is commonly used for 
self-lubricating, electrically conducting brushes of some electric motors, and the 
rubbing elements in mechanical seals. It can be applied as a powder or bonded to the 
surfaces. 
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6.2.2 The Dichalcogenides 
M. Simmons 
Other than graphite, dichalcogenides (e. g. Disulfides, diselenides, and ditellurides) of 
molybdenum and tungsten have found use as solid lubricants, with the exception of 
tungsten diselenide. They all react to form compounds of the form MX2, and closer 
inspection will reveal that they have crystal structures similar to that of graphite. 
Hexagonal arrays of cations are bonded to pairs of anions; one each side of the plane, 
so a double layer of anions is present between each plane of atoms. Strong ionic 
bonds hold the planar atoms together, but weaker van der Waals forces exist between 
the planes themselves. It is these weaker attractive forces which allow slip almost 
parallel to the crystal planes of such compounds, that give them their lubricating 
properties. Unlike graphite, these compounds typically do not need any form of 
wetting to develop their lubricity. 
In this class of materials, molybdenum disulfide (MoS2) is the most widely used as a 
solid lubricant, and tungsten disulfide (WS2), the second. MoS2 is commonly used for 
lubricating the moving parts of space vehicles. It can be applied by simple rubbing or 
burnishing, air spraying of resin or organically bonded coatings, and recently by 
physical vapour deposition (PVD) techniques. It is also available contained in a grease 
suspension, marketed as `MolyslipTM'. Burnished films are the cheapest, but have 
poor wear characteristics. Sputtered MoS2 is prone to oxidative degradation in room 
air, due to the presence of oxygen and water vapour. Resin-bonded spray coatings 
appear to offer improved resistance to oxidative attack, and hence have good shelf 
lives and superior wear resistance, especially when used in air environments. They are 
typically 5 to 15µm thick and give friction coefficients of approximately 0.06 to 0.15, 
depending upon humidity and the conditions of sliding. 
6.3 Graphite Fluoride 
Graphite fluoride (CF, ) is sometimes referred to as carbon monofluoride due to its 1: 1 
carbon-to-fluorine stoichiometry. This can, however, be controlled from values where 
x ranges from 0.25 to 1.1. When x=1.0 and 1.1 the compound is pure white and is 
useful when discolouration by the lubricant is undesirable. It is electrically insulating 
and non-wettable by water. Its frictional properties are less effected by humidity than 
either MoS2 or graphite, and its density is approximately one third that of 
molybdenum disulfide. 
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Thin films of CFX are reported as being more durable than similar MoS2 films over 
wider ranges of temperature, however, molybdenum disulfide has greater load 
carrying capacity. CF, films still have adequate load bearing properties for most 
applications, and these can be improved by combining the compound with polyimide 
varnishes or other suitable binders. 
6.4 Polymer Composites 
Many polymers, such as nylon, acetal, polyethylene or PTFE, are used in their filled 
or unfilled forms as bearing materials. Typical filler materials are powdered graphite, 
molybdenum disulfide or graphite fluoride. These improve the friction and wear 
characteristics of the polymer matrix but usually weaken the material, reducing its 
load carrying capacity. Fibre reinforcements, in the form of woven fabric, chopped 
fibres or filament windings, can be used to improve the load carrying capacity of 
polymer composites when needed. 
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7 Experimental Investigations 
7.1 Electrolyte Preparation 
The solutions detailed below were prepared using analytical grade chemicals, to the 
stated compositions, and de-ionised water. The pH was then measured using a Hanna 
Instruments HI-8424 digital pH meter, and adjusted accordingly using sodium 
hydroxide or sulfuric acid. Unbagged, 99% purity, zinc foil was used as the anode 
material in each of the electrolytes, except for solution number five ('Corroban'), 
which is a commercial bath requiring a dual anode system for its operation. In this 
case, the anode consisted of sheets of zinc foil and nickel foil, both of which were 
99% purity. In all cases, the total anode area was twice that of the cathode. 
Compositions in italics are those originally stated in the literature. 
7.1.1 Zinc Electrolytes 
1) Alkaline zinc [1421: 
2) Acid zinc [1421: 
IOg/1 ZnO 
105g/1 NaOH 
pH = 14.0 
62.3-300g/l ZnSO4.7H20 
80g/1 Na2SO4 
pH = 2.0-4.4 
7.1.2 Zinc-Cobalt Alloy Electrolytes 
3) Alkaline zinc-cobalt [1431: IOg/1 ZnO (8-14g/l Zn metal) 
0.75-4.8g/l CoSOa-7H2O (0.5-1. Og/l Co metal) 
105g/1 NaOH (80-140g/l NaOH) 
10-30m1/1 triethanolamine 
pH = 14.0 
4) Acid zinc-cobalt [l441: 620g11 ZnSO4.7H2O 
125g/1 CoSO4.7H2O 
75g/1 Na2SO4 
pH =. 3.5-4.0 
89 
Experimental Investigations M. Simmons 
7.1.3 Zinc-Nickel Alloy Electrolytes 
5) `Corroban' Commercial electrolyte distributed in the UK 
by Lea Manufacturing (Ltd). Accompanying 
instructions followed during preparation. 
pH = 6.3 
6) Acid zinc-nickel' 1451: 264.5g/1 ZnSO4"7H2O (0.92moUl) 
152.4-457.3g11 NiSO4"6H2O (0.58rnol/! ) 
pH = 3.5-4.0 
7) Acid zinc-nickel' 1461 
8) Acid zinc-nickel' 1471: 
9) Acid zinc-nickel' 148j: 
86.3g/1 ZnSO4 7H2O (0.3molIl) 
105.1g/l NiSO4"6H2O (0.4mo14) 
19.8g/1(NH4)2SO4 (0. l5mol/l) 
40g/1 Boric Acid 
IOmI/l Tween (omitted) 
pH = 1.5-4.0 
62.5g/1 ZnC12 
60.7g/1 NiC12.6H2O 
200g/1 NH4CI 
pH = 3.5 
178.2g11 ZnC12 
44.5g/1 NiC12.6H2O 
328.9g11 NH4C1 
pH = 3.0 
7.1.4 Electrolytes Used To Deposit Composite Coatings 
For the investigations of metal/PTFE composite electrodeposition, PTFE was added 
to the electrolytes in the form of aqueous dispersions. Seven different dispersions 
were used in total, each containing approximately 60% solid PTFE by weight held in 
suspension by the use of various surfactants. The dispersions are outlined overleaf, 
stating their overall surface charge and manufacturer. The DuPont and ICI dispersions 
are commercially available products, while those produced by Southrace (Ltd) were 
specially developed for incorporating into electrodeposited films. The numbers 
designating these specialist PTFE dispersions refer to the amount of cationic 
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surfactant and non-ionic surfactant added. Therefore, the PTFE 23/15 dispersion 
contained 23mg cationic surfactant and 15mg non-ionic surfactant per gram of PTFE, 
as described in the 1978 patent registered to workers at the Akzo research 
t93j laboratories 
For the majority of codeposition trials, 30g/1 equivalent dry weight PTFE was added 
to the electrolytes. However, PTFE content of the alkaline zinc and acid zinc 
electrolytes were varied, from 10 to 30g/1 and 3 to 100g/l respectively, in order to 
determine the effects of particle concentration on the rate of codeposition. Similarly, 
two bath PTFE concentrations, 30g/1 and 60g/l, were used for alkaline zinc- 
cobalt/PTFE deposition trials. There were other exceptions, where the PTFE content 
was different to that stated above, see sections 7.3.4,7.6.1,7.6.3 and 7.10.4.1 for 
more details. 
1) Non-ionic dispersion 
2) Non-ionic dispersion 
3) Anionic dispersion 
4) Cationic dispersion 
5) Cationic dispersion 
6) Cationic dispersion 
7) Cationic dispersion 
DuPont - TeflonTM 30-N 
ICI - F1uonTM GPI 
ICI - FIuonTm GP2 
Southrace (Ltd) - PTFE 23/15 
Southrace (Ltd) - PTFE 30/10 
Southrace (Ltd) - PTFE 28/10 
Southrace (Ltd) - PTFE 10/30 
The two non-ionic dispersions, TeflonTM 30-N and FluonTM GP1, were both alkaline 
and were added to alkaline electrolytes, whereas the remaining dispersions were 
acidic and added to acidic electrolytes. If these rules were not obeyed, the PTFE 
particles would irreversibly flocculate, rendering them unusable. 
7.2 Cathode Preparation 
In all cases, the cathode material was mild steel sheet of approximately 0.5mm 
thickness. Panels 7.6cm x 10.2cm were used for the majority of tests, with smaller 
5cm x 5cm panels being used for the electrochemical work. 
Prior to electroplating, the steel was degreased using acetone and pickled in 50% 
sulfuric acid to remove any surface scale or oxide. After pickling, the panels were first 
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washed with tap water to remove the acid, and then de-ionised water to remove any 
hard water salts present on the surface from the previous washing stage. The panels 
were then dried immediately and weighed. Chemically inert tape was used to blank 
off the backs of all panels, and to provide a pre-determined area on which the deposit 
could form. 
7.3 Agitation Techniques 
Various agitation techniques were used throughout the series of investigations, which 
are described below: 
7.3.1 Mechanical Stirring 
Solution agitation by stirring was carried out using a polymer coated magnetic stirring 
`paddle', placed into the bottom of the electrolytic cell. This was driven by a standard 
laboratory bench-top stirring plate, having variable motor speed. Length of the stirrer 
was varied according to the volume of solution being agitated, with longer length 
`paddles' being used for large volumes of solution and vice-versa. 
7.3.2 Air Bubbling/Sparging 
Air agitation was carried out using custom-built glass apparatus. This consisted of an 
inner and outer ring, into which air or gas was fed by two vertical feeder pipes. The 
two rings had periodically spaced holes on their top surfaces, so that the air or gas 
could escape and form bubbles in solution. This apparatus was placed into a four-litre 
cell, with clean air being supplied from a small, non-variable, air pump. The air pump 
was of the type commonly used to aerate aquaria. Two levels of agitation could be 
achieved by using either one, or both of the drilled rings at any given time. 
7.3.3 Vibratory Agitation 
Vibratory agitation was carried out using a Chemap A. G. laboratory vibromixer 
motor, model E-1, in conjunction with a 10cm perforated agitator-disc in 41 of 
solution. The mixing element consisted of several equally sized truncated cones, 
which in an incompressible fluid cause a jet to be formed at the narrow end, 
producing a pumping effect based on the Venturi phenomenon. This `jet-flow' 
pumping action is beneficial in suspending fine particles within a solution. Vibrational 
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amplitude was controlled by means of a Zenith Variac. Calibration was based entirely 
upon previous work by KALANTARYt14`1. A schematic of the experimental 
apparatus is shown in Figure 32, whilst Figure 33 shows a photograph of the actual 
apparatus used. 
Figure 33, Photograph of the Vibromixer. 
-ML- 
7.3.4 Codeposition Of PTFE By Sedimentary Techniques 
Although not strictly an agitation technique, a brief description of the sedimentary 
deposition trials attempted for zinc/PTFE codeposition from alkaline electrolytes was 
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Figure 32, Vibromixer apparatus. 
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deemed appropriate for this section. Two solution PTFE concentrations were used, 
these being 5g/I and 30g/1. Initially, the composite electrolyte was agitated by rapid 
stirring in order to suspend the particles in solution, after which all agitation was 
stopped and the cell arranged as demonstrated in Figure 34 overleaf. Connection to 
the lower cathode was made using a length of electrical wire, shielded with PTFE 
sheathing. Electrodeposition was then carried out as usual, allowing the PTFE 
particles to settle onto the cathode. 
Electrolyte 
Cathode 
Figure 34, Sedimentary deposition cell. 
7.3.4.1 Heat-Treatment Of The Zinc1PTFE Sedimentary Deposits 
Panels produced by the sedimentary technique were cut in half so that a number of 
tests could be carried out on them. One half of each was used for gravimetric analysis, 
see section 7.9.1.2, while the other half was further cut to provide samples for surface 
and cross-sectional analysis, see section 7.8, and heat-treatment. 
The heat-treatment was carried out in a furnace at 360°C for 4 hours in a normal air 
atmosphere. The resulting samples were then cut to enable surface analysis and cross- 
sectional microscopy to be carried out. 
The temperature for heat-treatment was selected after perusal of the literature with 
regard to the thermal properties of PTFE. Further to this, a Differential Scanning 
Calorimetry (DSC) trace for PTFE sealing tape was conducted in order to determine 
the melting point of PTFE, and hence the optimum temperature for this heat- 
treatment. A DuPont Instruments 910 Differential Scanning Calorimeter was used to 
obtain the DSC trace. 
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7.4 Hull-Cell Studies 
Hull-cell studies were conducted for each of the electrolytes detailed in section 7.1 in 
order to verify the current density ranges for electrodeposition stated in the literature. 
When no such data was presented, the Hull-cell provided a convenient means of 
finding an approximate range of operation. A standard 267ml cell was used, which 
provided the option of operating with air agitation across the cathode face. Air 
agitation was utilised for all of the standard electrolytes, with the exception of 
`Corroban'. Hull-cell trials on this, and the composite electroplating baths, were 
conducted with either no agitation, or with gentle mechanical stirring, since air 
agitation caused excessive foaming of the surfactants present in these solutions. Cell 
currents of one, two, three and five amperes were applied using standard stabilised 
power supplies for five minutes duration. 
7.5 Pulsed Electrodeposition 
Pulsed electrodeposition trials were conducted using zinc/PTFE and zinc-cobalt/PTFE 
electrolytes to investigate the effects of pulse duration and duty cycle on particle 
codeposition rates (see section 13 for exact conditions). The effects of these pulse 
parameters on alloy composition, for the zinc-cobalt composites, were also studied. 
These trials were carried out using an Axel Akerman computer controlled pulse 
rectifier, model CAPP-25/20-K (25V, 20A rated), in conjunction with a personal 
computer. The PC was used, running CAPP (Computer Aided Pulse Plate) software, 
to design and edit pulse waveforms prior to their transfer to the rectifier. The rectifier 
was capable of delivering a maximum output of twenty amperes current at twenty-five 
volts. The pulse waveforms generated by the pulse rectifier were monitored using a 
conventional storage oscilloscope. Electroplating was carried out using vibratory 
agitation, as described in section 7.3.3, with the resultant coatings being analysed 
using the methods stated in sections 7.9.1.2 and 7.9.2. 
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7.6 Investigation Of The Electrolyte Properties 
7.6.1 Conductivity Measurement 
The conductivity of an alkaline zinc electrolyte was investigated, both with and 
without additions of PTFE particles. This was beneficial in determining whether the 
presence of PTFE particles caused any significant increases in solution resistance. 
The conductivity was measured using a JENWAY 4200 conductivity meter. Initially, 
conductivity of the bath was too high to obtain a reading, so 100ml of electrolyte were 
diluted with an additional 900ml of de-ionised water. This solution was then agitated 
by mild mechanical stirring and measurements taken. The PTFE was added in 5g/1 
intervals (up to 30g/l concentration), with further measurements being taken at each 
increment. 
A PHILLIPS PW9501 conductivity meter was used to investigate the conductivity of 
two full strength electrolytes containing PTFE particles, one having a particulate 
concentration of 5g/I and the other 30g/l. Conductivity was measured under quiescent 
conditions, with mechanical stirring and with vibratory agitation. 
7.6.2 Viscosity Measurement 
After obtaining what appeared to be low rates of codeposition from the alkaline 
composite electroplating baths, it was believed that solution viscosity could be 
affecting mobility of the particles. Viscosity of these electrolytes was measured with a 
glass U-tube viscometer in accordance with BS 188. Prior to testing, the viscometer 
was cleaned with hot chromic acid. A standard digital bench-top timing device was 
used to measure the duration of fluid flow. Each test was conducted in a water bath at 
ambient room temperature and standard atmospheric pressure. Temperature of the 
water bath was monitored using a mercury thermometer. 
7.6.3 Suspension Stability 
Suspension stability of the specialist PTFE dispersions in the acid electrolytes was 
investigated by decanting 15m1 of solution from each of the electroplating cells into a 
small glass jar. A small amount of each specialist PTFE dispersion was diluted to 50% 
strength by the addition of de-ionised water. 5m1 of the resulting dispersion was added 
by dropping pipette into the electrolytes, which were then shaken and left to settle for 
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twenty-six hours. Dispersion stability was determined by measuring the amount of 
clear fluid at the top of each jar and working this out as a percentage of the total 
height of solution. Any samples that had flocculated were also noted, but this was 
often evident upon adding the PTFE. 
7.7 Investigation Of The Deposit Thickness 
All of the deposits were 8µm nominal thickness. A weight gain method was used to 
verify this by measuring the uncoated and coated masses of each sample. The 
difference between these and the theoretical deposit mass (determined from Faraday's 
Law) were compared. From this, mean deposit thickness and percentage cathode 
current efficiency could easily be determined. 
A Fischer Dualscope, model MP-4, in conjunction with the supplied EGA-BW-1.3 
magnetic probe, was used to determine the coating thickness variation across the 
surface of coated samples. Measurements were taken at various points across the 
surface to enable mapping of the thickness distribution. Three analyses were taken at 
each point and averaged to allow a higher degree of confidence in the results. 
7.8 Morphological Studies 
A Cambridge 360 scanning electron microscope was used to investigate surface and 
cross-sectional morphology of the coatings produced. This device was capable of 
displaying secondary electron and back-scattered images, either individually or in 
combination, for easier interpretation of surface features. These functions, combined 
with the possibility of using X-ray analysis techniques provided an extremely 
powerful suite of tools to satisfactorily characterise the coatings. Coating cross- 
sections were produced by edge mounting in resin prior to metallographic polishing. 
The polished samples were then sputter coated with gold to provide a thin conducting 
film over the surface. This was necessary since the mounting resin used was non- 
conductive. 
Morphological differences between commercially available and specialist PTFE 
dispersions were also investigated using the electron microscope. A small amount of 
dispersion was placed onto a glass microscope slide by dropping pipette, and the 
water driven off using a hairdryer. The dried samples were then gold coated as 
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mentioned above and analysed in the electron microscope using a very low 
accelerating voltage to prevent melting of the polymer. 
7.9 Compositional Analysis 
7.9.1 Percentage PTFE Present In The Composite Coatings 
Two methods were used to determine the percentage of PTFE in the composite 
deposits. Firstly, X-ray wavelength dispersive (WDX) analysis was carried out, but 
this proved inadequate, and a gravimetric type of analysis was adopted. 
7.9.1.1 WDX Method 
Initially, X-ray wavelength dispersive analysis was carried out to determine the 
amount of PTFE present within the composite coatings. Sodium fluoride was used as 
a calibration standard, and the atomic percentage of PTFE was determined by dividing 
the number of fluorine counts from the coating, by the number of counts from the 
reference standard. This value was then multiplied by 100 to convert the resulting 
value into a percentage. 
However, this method proved inadequate, since clustering of the PTFE particles in 
composite coatings produced during the early stages of this research gave areas of 
extremely high fluorine content, and others of low fluorine content. Therefore, 
another method was devised as described in the following section. 
This method did, however, provide a useful means of determining whether certain 
artefacts observed during surface and cross-sectional electron microscopy were indeed 
PTFE particles or not. 
7.9.1.2 Gravimetric Method 
Each coating was dissolved in 100ml of acid solution, the composition of which is 
discussed in the following section. The pH was then adjusted to approximately 2.5 by 
the dropwise addition of sodium hydroxide solution (approx. 129g/1), whilst being 
monitored with a Hanna Instruments HI-8424 digital pH meter. The resulting solution 
was then filtered through a pre-weighed Whatman Anodisk membrane filter with a 
pore size of 0.02µm. Filtration was carried out by the vacuum method using a 
Buchner type filtration apparatus and a tap mounted vacuum pump. Once all of the 
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solution had filtered through, the sides of the reservoir were rinsed with acetone to 
remove any residual PTFE. The membrane filter was then removed, dried and re- 
weighed. Some residual PTFE particles remained in the filter reservoir, which were 
carefully removed using a `rubber policeman', noting its initial and final weight. The 
volume percentage of PTFE (B) was then determined from the equation below: 
Mass/ 
B= PP x 100 (eqn. 27) 
1Mass/ 
+ 
Mas s nppmP, 
n 
7.9.1.3 Selection Of A Suitable Stripping Solution For Gravimetric Analysis 
Numerous acidic solutions were investigated for removal of the composite coatings 
ready for gravimetric analysis. A prerequisite for these solutions was that they were 
sufficiently corrosive to remove the zinc or zinc alloy coating, without attacking the 
steel substrate appreciably. 
Originally, a 10% hydrochloric acid solution was adequate for removal of the low 
PTFE content zinc composites. However, this solution produced a black smut on the 
surface of zinc-cobalt composites and was not deemed satisfactory. Other solutions 
were investigated, as outlined in section 10.2, with a 5% sulfuric acid + 1% nitric acid 
mixture proving to give the best results. 
7.9.1.4 Membrane Filter Stability In Stripping Solution 
Stability of the membrane filters was studied by determining their weight change 
upon exposure to the selected. stripping solutions. Firstly, a panel of zinc based alloy 
(i. e. not a composite coating) was dissolved in the solution and the pH adjusted to 
approximately 2.5 as stated in section 7.9.1.2. The membrane filters were then 
weighed, and fully immersed into the acid solution for a duration of time. After thirty 
minutes, one hour and two hours the filters were carefully removed, dried and re- 
weighed. Any weight change in the filter was noted and used as a correction factor to 
be applied when calculating the percentage of PTFE codeposited. 
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7.9.2 Determination Of The Alloy Composition 
Besides being used for morphological investigations, the electron microscope was 
also used to obtain compositional data for the alloy coatings. This data was obtained 
by using an X-ray energy dispersive (EDX) analysis technique. Alloy composition 
was investigated primarily to confirm, or otherwise, previous work found in the 
literature. It was also used to highlight any differences in alloy content obtained due to 
the presence of PTFE particles in the electrolytes, and/or current density 
dependencies. 
7.10 Corrosion/Electrochemical Studies 
7.10.1 Neutral Salt-Spray Testing 
Neutral salt-spray corrosion trials to _ASTM 
B 11711501 were carried out using a C. W. 
Equipment Ltd salt-spray cabinet, model number SF450-CASS, under constant 
humidity conditions, at 35°C and in a 5% sodium chloride solution. 
7.10.2 Linear Polarisation Resistance Testing 
Linear polarisation resistance (LPR) studies were conducted for the zinc and zinc- 
cobalt alloys, both with and without PTFE particles. Electrodeposited cadmium 
having a nominal thickness of 8µm, obtained from a commercial electroplating shop 
(to Defence Standard 03-19/1 11511), was also investigated. No special pre-treatment 
was carried out on the electrodeposited samples, except for degreasing with acetone. 
Polarisation was achieved using an ACM Instruments computer controlled 
potentiostat, model Auto Tafel HP, linked to a personal computer. Each test was 
carried out on a panel blanked off with chemically inert tape to expose an area of 
10cm2 in area (2.5cm x 4cm). These panels were then immersed in 350m1 of fresh 
3.5% NaCl solution and left for approximately 30 minutes, to allow equilibrium 
conditions to be obtained within the test cells, before polarisation. Each sample was 
polarised ±30mV either side of its open circuit rest potential at a scan rate of 
6mV/min. The reference electrode used was a Russell SRR5 saturated calomel 
supplied with a salt bridge. The salt bridge consisted of a length of rubber tube 
connected to a fritted glass end-piece, and was filled with saturated potassium 
chloride solution to provide suitable conductive media. Use of the salt bridge 
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prevented possible poisoning of the electrode due to species formed in the test cell. A 
sheet of platinum foil 25cm2 (5cm x 5cm) was used for the counter electrode. No 
special pre-treatment of this was carried out, except for periodic cleaning with a 
`Scotch-Brite TM' pad. All experiments were conducted in a Faraday cage in order to 
prevent any atmospheric electromagnetic noise interfering with the results. Data 
obtained from the tests was then converted to a Microsoft Excel file, using the 
supplied ACM computer software. The converted files were then imported into the 
said spreadsheet software and analysed manually by finding the tangent of the plotted 
curve at zero overpotential. 
3.5% NaCl 
solution 
orking electrode 
Figure 35, Schematic of LPR measurement apparatus. 
7.10.3 Galvanic Corrosion Studies 
The effects of galvanic corrosion were studied in accordance with ASTM G711 521, 
using the following procedure. 
An ACM Instruments Dynamic Zero Resistance Ammeter (ZRA), model Dynamic 8, 
was used to measure the galvanic corrosion current which flows between aerospace 
grade aluminium alloys (2014-T6 and 7075-T6), and the coating systems under 
development. The mixed potential of the electrode couple was monitored using an 
ACM Instruments BOB 8. The BOB 8 is a device used to buffer the reference 
electrodes (as described above), so that measurements can be made with devices 
having low input impedance (such as the computer used for logging the data). Both 
the Dynamic 8 and BOB 8 devices have eight independent channels, allowing eight 
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couples to be measured simultaneously. Results from the two pieces of equipment 
were intended to be taken manually; however, their outputs were connected to a 
personal computer for data acquisition via a Strawberry Tree ACjr-12 analogue to 
digital converter card. This PC card only has eight analogue input/output channels, so 
measurement from only four cells was possible. Quicklog PC version 2.10 software 
was used to log the acquired data to the computer's hard disk, and Microsoft Excel 
was used for manipulation of the raw data. Logging was carried out for fourteen days, 
with the initial sample rate being every thirty seconds to include any possible early 
transient effects. This was then reduced to every thirty minutes, in order to keep the 
total number of data points to a minimum for easy data manipulation. 
The couples were immersed in 350m1 of 3.5% NaCI solution for the duration of the 
test, with each of the aluminium panels connected to a common ground on both of the 
instruments. The coating half of the galvanic couple was prepared in the same way as 
outlined for the linear polarisation resistance measurements, section 7.10.2, while the 
aluminium alloy samples were wet abraded with 600 grit silicon carbide paper to 
remove surface oxides. These were then washed with de-ionised water to remove the 
polishing debris and finally degreased with acetone. Each half of the couple was then 
masked, using chemically inert tape, to expose an area of 10cm2 (2.5cm x 4cm), 
giving a 1: 1 area ratio for the test. This gave some control over the current flowing 
within the couple. 
Figure 36 shows a schematic of the equipment and the connections made for a single 
cell. The ZRA, BOB 8 and cells were housed in a Faraday cage in order to prevent 
any atmospheric electromagnetic noise interfering with the results. The Faraday cage 
is clearly evident from the two photographs depicted in Figure 37 and Figure 38. 
(Current) 
BOB8 
(Potential) 
Cell containing 3.5% NaCl & test panels 
SCE 
reference 
electrode 
Figure 36, Schematic of galvanic corrosion monitoring equipment. 
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Figure 37, Photograph of apparatus used to monitor galvanic corrosion. 
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Figure 38, Close-up photograph of apparatus used to monitor galvanic corrosion. 
7.10.3.1 Weight Change Due To Galvanic Corrosion 
Attempts were made at determining any weight changes that may have occurred as a 
result of galvanic corrosion. Such data would allow determination of the corrosion 
rate and simplify ranking of the galvanic couples significantly. Weight change was 
determined by weighing the samples prior to their preparation for the tests, conducting 
the tests, followed by removal of the corrosion products and finally re-weighing of the 
samples. Final weight could then be subtracted from the initial weight, and the result 
divided by time of immersion. 
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Removal of corrosion products from the aluminium alloy panels was carried out by 
immersing them into a boiling chromic/phosphoric acid solution, in accordance with 
Defence Standard 03-2/1f53'. This consisted of 7.5-10g/l chromic acid and 5-7.5g/l 
phosphoric acid. It was necessary, however, to increase the time from the 
recommended 20 minutes to 30 minutes immersion to satisfactorily remove the 
surface scale. 
A glycine solution, as suggested by BECCARIAE154,1551, was used to remove corrosion 
products from the zinc based coatings. However, this proved too aggressive, removing 
the coatings from the steel substrate, and weight change data for the coated samples 
was disregarded. 
7.10.4 Cathodic And Anodic Polarisation 
Two different sets of polarisation studies were conducted in order to obtain 
mechanistic data for the metal deposition and corrosion reactions. In each case, the 
equipment used was identical to that utilised for the linear polarisation resistance 
studies (section 7.10.2), with the exception of the counter electrode material. Another 
similarity to the LPR tests was that 350m1 of fresh electrolyte were used for each test. 
The specific details of these experiments are stated in the following two sub-sections. 
7.10.4.1 Cathodic Polarisation 
Cathodic polarisation studies were conducted for mild steel panels immersed in 
various electrolyte solutions (detailed overleaf). These electrolytes were loosely based 
on highly dilute versions of those used for `normal' electrodeposition, so that well 
defined metal reduction peaks would be formed. The steel panels were prepared as 
described in section 7.2, and blanked off to expose an active area of 10cm2 (2.5cm x 
4cm). These studies were conducted in an attempt to determine mechanistic data for 
the metal deposition reactions, and to see what influence the presence of non- 
conducting PTFE particles had on these reactions. 
Some preliminary investigations were carried out using zinc sulfate electrolytes to 
investigate the effects of metal ion concentration (shown in brackets overleaf) and 
sweep rate (200,400 & 600mV/min), on the shapes of the polarisation curves. The 
main tests were carried out using electrolytes having fixed compositions as stated 
overleaf, and at a sweep rate of 400mV/min. In all of the tests, 99% purity zinc foil 
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was used as the counter electrode in an attempt to model the full strength solutions as 
closely as possible. The cells were not left to equilibrate prior to polarisation, because 
iron tended to dissolve from the steel substrates due to the low pH of the electrolytes. 
The cells never readily attained steady-state conditions so polarisation from the true 
rest potential (vs. SCE) was not possible. The cells were polarised from a value near 
to the rest potential of the steel substrates, to another potential 1000mV more cathodic 
to this point. The effects of PTFE additions were only investigated for solutions 1,2, 
4 and 6, with solutions 3 and 5 being used to confirm artefacts noted in the analyses of 
solutions used to deposit alloy coatings. More will be said about this in the discussion 
of results, see section 14.1.2. 
Solution 1- 80.0g/1 Na2SO4"7H20 
Solution 2- 80.0g/1 Na2SO4"7H20 + 10.0(31.2 & 62.8)g/l ZnSO4 7H2O 
Solution 3- 80.0g/l Na2SO4.7H20 + 10.08/l CoSO4"7H20 
Solution 4- 80.0g/l Na2SO4.7H20 + 8.3g/1 ZnSO4.7H2O + 1.7g/1 CoSO4.7H20 
Solution 5- 80.0g/1 Na2SO4.7H2O + 10.0g/I NiS04.6H20 
Solution 6- 80.0g/l Na2SO4"7H20 + 8.8g/l ZnSO4.7H20 + 5. lg/1 CoSO4.7H2O 
7.10.4.2 Anodic Polarisation 
Anodic polarisation studies were undertaken for zinc and zinc-cobalt alloy coatings, 
both with and without codeposited PTFE particles. Electrodeposited cadmium (as 
mentioned in section 7.10.2), mild steel and two aerospace grade aluminium alloys 
(2014-T6 and 7075-T6) were also investigated. These studies were carried out in an 
attempt to determine mechanistic data for corrosion of the aforementioned surfaces. 
Additional tests were conducted on zinc foil samples, to further investigate `passive' 
type behaviour observed during tests on the coated samples. 
Sample preparation was conducted as outlined previously, except an active area of 
lcm2 was utilised in these tests (see sections 7.10.2 and 7.10.3 for preparation of the 
coated samples and aluminium alloys respectively, and section 7.2 for preparation of 
the mild steel panels). The electrolyte used for each of these studies was 3.5% sodium 
chloride solution. An inert platinum counter electrode was used as discussed in 
section 7.10.2, regarding the measurement of linear polarisation resistance. Each cell 
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was left to equilibrate for approximately thirty minutes, to enable a stable rest 
potential (vs. SCE) to be achieved, prior to polarisation. The samples were polarised 
from rest potential to a potential 1500mV more anodic than this point, at a sweep rate 
of 60mV/min. 
7.11 Tribological Studies 
All tribological tests were carried out at ambient room temperature (except where 
frictional heating occurred), ambient humidity and atmospheric pressure. 
7.11.1 Inclined Plane Test 
Preliminary measurements of the coefficient of friction were made on the coatings 
using a simple inclined plane tribometer, which was designed and built `in-house'. 
Details of its design can be found in Appendix B, while a schematic of the apparatus 
is shown in Figure 39 and a photograph in Figure 40. 
A large steel panel (12cm x 25cm) and smaller counterfaces (7.6cm x 10.2cm) all had 
the same coating system applied to them. The larger panel was then placed onto the 
tribometer slideway, while the counterfaces were bent at 90°, about 2.5cm away from 
one end, and attached to the sled by means of two large crocodile clips. By using this 
method, it was possible to test like-on-like friction (i. e. that occurring between two 
contacting surfaces of the same material). The test was performed by placing the sled 
onto the slideway, which was then gradually raised until the sled moved. At this point, 
the slideway was locked in position and the angle of inclination (friction angle, 0) 
measured using a protractor. The coefficient of friction could then be worked out by 
taking the tangent of this angle, see eqn. 19 of section 5.3. 
Figure 39, Schematic of inclined plane tribometer. 
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Figure 40, Photograph of inclined plane tribometer. 
7.11.2 Reciprocating Wear Test 
M. Simmons 
Further tribological studies were carried out at DERA Pyestock, using a Plint & 
Partners high frequency reciprocating wear tester, model TE77CV/A. Two samples 
must be inserted into the machine; a fixed lower sample, and a linearly oscillating top 
sample. Two different tests were performed on this equipment; one used a line contact 
(the upper sample was a coated rod of 0.6cm diameter), while the other used an area 
contact (a flat panel of 1.4cm x 1.4cm). The two tests were performed, since contact 
pressures experienced by samples during line contact were enough to cause 
significantly rapid wear of the coatings, resulting in steel-on-steel contact almost 
immediately. This made it particularly difficult to determine the true coefficient of 
friction for the coatings. The use of an area contact (1.4cm x 1.4cm) reduced the 
contact pressure, significantly reducing wear, thus making it easier to distinguish the 
coefficient of friction for each coating. 
A pre-load of IN force was used to maintain the samples in contact with one another 
during dry sliding. The moving portion of the test rig reciprocated at a frequency of 
2.5Hz and amplitude of 1.1cm. All of these tests were carried out under the conditions 
stated previously for five minutes duration. 
Friction force was logged versus time using a continuous feed chart recorder. These 
charts were then scanned and digitised, and the resultant data imported into Microsoft 
Excel for manipulation. The coefficient of friction, determined as the friction force 
divided by load, was then plotted with respect to time. 
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8 Electrodeposition Of Zinc Based Alloys 
This section will present and discuss results obtained from the various experiments 
performed to deposit and characterise zinc based alloy coatings. Zinc-cobalt alloys 
were deposited from both alkaline and acidic baths, while only acidic baths were used 
to deposit the zinc-nickel alloys. The compositions of these are given in section 7.1. 
8.1 Zinc-Cobalt Alloy Electrodeposition 
8.1.1 Zinc-Cobalt Electrodeposited From An Alkaline Electrolyte 
8.1.1.1 Initial Investigations 
Initial zinc-cobalt alloy coatings were produced from an alkaline electrolyte (solution 
3 detailed in section 7.1.2) containing a low cobalt concentration in solution (0.15g/l 
Co). This gave coatings having poor salt-spray performance when compared with the 
literature [1431, see section 11.1.1. The reasons for this were thought to be caused by 
either poor thickness distribution across the panels, and/or low cobalt content of the 
alloy. Thickness testing was carried out for panels deposited at 1.5A/dm2 and 5A/dm2 
respectively, the results of which can be found in Table 4. The alloy composition of 
these coatings was also investigated; the results of which are given in Table 5. 
Investigation of the coating thickness for a deposit formed at the lower current density 
revealed that it did, indeed, have a poor thickness distribution, being as thin as 4µm in 
places. However, this was deemed sufficiently thick so as not to produce the kind of 
corrosion data found. Thickness of the panel produced at 5A/dm2 did not fall below 
8µm for any of the points tested; yet this panel did not offer any improvements with 
regard to corrosion performance. After analysing the cobalt content of these coatings, 
the reasons for their poor salt-spray performance became apparent. Only 0.1 weight 
percent cobalt, by WDX analysis (after considering the molecular mass of each 
element), was present in either of the coatings, which was not sufficient to offer any 
real improvements in corrosion performance. From this work, it was concluded that 
the solution cobalt concentration had to be increased. 
Upon comparison of the compositional data for the alloy, a discrepancy between the 
percentage cobalt obtained by EDX and WDX can be seen. This is because EDX 
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operates a slightly broader bandwidth for the curve-fitting algorithm in the analysis 
software. WDX uses a much narrower bandwidth, and as such is much more element 
sensitive, and hence more accurate at these low concentrations. 
Position Thickness (gm) Positions of data points measured 
1 4.0 10.2 
2 4.3 8.5 
3 6.1 10.2 BIankodott 
4 8.1 11.3 
}. 
material 
5 5 1 8 7 
6 . 5.5 . 8.4 10 11 1 2+ to 
7 10.7 12.1 
8 8.9 9.1 
40 
9 9.9 11.5 
10 6.8 9.3 ++ ý}- 80 
11 5.4 14.3 
12 12.6 13.7 
13 13.6 19.0 
Average 7.8 11.2 4- 
10 
- 
12 13 
38 
taA v? 
M Ü U (Note: All dimensions in 70 mm. ) 
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Table 4, Typical thickness variations (µm) across panels with 8µm nominal 
thickness Zn-Co alloy coatings deposited from an alkaline electrolyte (0.15g/l Co 
concentration). 
Current density Percent cobalt (wt. %) 
(A/dm) By EDX By WDX 
1.5 0.3 0.1 
5.0 0.3 0.1 
Table 5, Weight percent cobalt in Zn-Co alloy coatings deposited from an 
alkaline electrolyte (0.15g/l Co concentration). 
8.1.1.2 Deposits Formed From High Cobalt Content Electrolytes - Effects Of 
Process Variables On Alloy Composition 
Due to the problems outlined above, a new solution was made-up containing an 
increased cobalt concentration of 0.5g/1. This was then increased to 0.75g/l and lg/1 
respectively. Compositional analysis was carried out on Hull-cell panels for each 
solution. Figure 41 shows the typical compositional variation with current density for 
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these three different electrolytes with varying cobalt contents. Data for the 0.15g/1 
bath is also included for comparison. 
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Figure 41, Effect of current density and solution composition on cobalt content of 
zinc-cobalt alloys deposited from an alkaline electrolyte. 
In common with the work by RAJENDRAN et all1431, the percentage of cobalt 
detected in the deposits increased with increasing cobalt concentration of the 
electrolyte. This is to be expected, since there would be an increased concentration of 
the metal at the cathode surface available for deposition with the zinc. 
At each of the higher cobalt concentrations, the percentage of cobalt found in the 
deposit varied with current density, whereby the less noble metal (zinc) deposited 
preferentially. Additionally, the percentage of cobalt found in the surface coating was 
significantly lower than that of the electrolyte. Both of these factors are indicative of 
anomalous deposition. More will be mentioned about this phenomenon later in section 
8.3. No such findings were noted by RAJENDRAN et al, but this may be due to slight 
differences in bath composition, i. e. the brightener was omitted in the current study. If 
such addition agents become adsorbed onto the cathode surface, they may influence 
composition to some degree. Also, the percentages of deposited cobalt were higher 
than those of the aforementioned paper. The differences in electrolyte composition, 
and/or the use of different compositional analysis techniques could account for this 
discrepancy. 
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Compositional analysis of a Hull-cell panel deposited from the electrolyte containing 
a low cobalt concentration did not reveal any significant trends when alloy content 
was plotted against current density. In this case, the percentage of cobalt found was 
almost constant for all current densities, possibly due to limitations in the minimum 
measurable concentration of an element using this analysis technique. 
When actual test panels were produced, there was some discrepancy between the 
composition of these and the equivalent Hull-cell composition for a given current 
density and bath composition, see Table 6 below. This may be due to the fact that 
Hull-cell tests only offer an approximation of the current density. Also, when using X- 
ray energy dispersive analysis to obtain compositional data, it must be remembered 
that better (i. e. more consistent) results are obtained with smooth, flat surfaces. At the 
higher current densities, Hull-cell panels tend to be quite rough and dendritic. 
Therefore, inconsistencies may be present in the compositional data. Alternatively, 
composition may vary due to variations in the current density distribution across the 
flat panels used. 
Percent cobalt Cobalt metal Current (wt. %) 
in electrolyte densi y t 
(g/1) (A/dm) Coated Hull- 
panels cell 
1.0 2.4 1.1 
0.5 5.0 1.5 0.8 
10.0 1.1 1.1 
1.0 3.6 2.2 
0.75 5.0 2.3 1.6 
10.0 1.3 1.6 
Table 6, Compositional data for Zn-Co alloy deposited from an alkaline 
electrolyte (0.5g/1 and 0.75g/l Co concentrations). 
Table 7 shows the effects of altering other variables, such as temperature, agitation, 
electrode spacing and current density on the percentage of cobalt obtained in deposits 
formed on flat panels. An electroplating bath containing 1 g/l cobalt metal was 
operated for these tests. 
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Anode/cathode Current Percent 
Temperature Agitation densit cobalt spacing (A/dm (wt. %) 
1.5 3.8 
Wide (10cm) 
5.0 4.0 
None 
1.5 4.7 
Close (5cm) 
5.0 4.3 
Room (23°C) 
1.5 5.3 
Wide (10cm) 
Mechanical 5.0 4.7 
stirring 1.5 4.7 
Close (5cm) 
5.0 4.6 
1.5 6.7 
Wide (10cm) 
5.0 6.5 
40°C None 
1.5 6.9 
Close (5cm) 
5.0 5.4 
Table 7, Effect of varying certain process parameters on cathode current 
efficiency and cobalt composition for zinc-cobalt alloy deposited from an alkaline 
electrolyte (1g/l Co electrolyte). 
When deposition was carried out at room temperature in an electrolyte containing lg/l 
of cobalt under quiescent conditions, the deposits contained approximately four 
weight percent cobalt. If solution agitation was then introduced (by gentle stirring), 
the average cobalt content in the deposit rose to approximately five weight percent. 
Similar findings were reported by RAJENDRAN et al' 1431 upon applying air agitation, 
whereby the percentage of cobalt was increased for all current densities investigated. 
When the bath was heated to 40°C (temperature was not taken any higher since the 
PTFE dispersions to be added later tend to flocculate at temperatures near to 50°C), 
the percentage cobalt in the deposit could be increased to approximately six weight 
percent under quiescent conditions. Both of these facts can be attributed to increased 
mobility (i. e. increased mass transport) of cobalt ions in the solution, through thermal 
convection and a thinner diffusion layer, hence their increased deposition in the 
growing cathodic film. Anode to cathode spacing varied the percentage cobalt in the 
coating a little, but no obvious trends were found. Therefore, this effect was 
considered negligible in comparison to agitation rate and operating temperature. 
Additionally, these differences could arise from errors introduced by the analysis 
technique due to surface roughness effects noted previously. 
112 
Results And Discussion - Zinc Alloy Deposition M. Simmons 
8.1.2 Zinc-Cobalt Electrodeposited From An Acid Electrolyte 
8.1.2.1 Effects Of Current Density And Agitation On Alloy Composition 
Figure 42 shows the relationship between alloy composition and current density for an 
acid sulfate zinc-cobalt electroplating bath (solution 4 detailed in section 7.1.2), as 
described by YAN et till '441. It was claimed that coatings containing between 1.5 and 
6.6 weight percent cobalt could be produced. Composition was determined by X-ray 
energy dispersive analysis of Hull-cell panels produced under both quiescent and 
agitated conditions. It can be seen that there are two curves for quiescent conditions. 
These were carried out on separate panels so that the results could be compared in 
order to determine whether compositional analysis by this method was reproducible, 
due to concerns noted in section 8.1.1.2. 
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Figure 42, Effect of current density and solution agitation on cobalt content of 
zinc-cobalt alloys deposited from an acid electrolyte. 
The panels produced under quiescent conditions were streaked vertically, which 
appeared worse at higher current densities, indicating significant amounts of hydrogen 
evolution had occurred. Application of air agitation to the cell eliminated this gas 
streaking, but appeared to reduce the amount of cobalt found in the deposit at current 
densities above 5A/dm2. This curve tended to show anomalous type deposition, which 
will be discussed further in section 8.3. On comparison of the data for quiescent 
conditions, it appears that only the low current density regions of the Hull-cell panels 
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provided reasonably reproducible results. This is because the coatings were thin and 
smooth at these lower current densities. At higher current densities, significant 
variation takes place, supporting concerns that compositional analysis by this method 
is not wholly reproducible, and that another method should be adopted. 
Further compositional analysis was conducted by analysing panels produced at a 
number of different current densities from an electrolyte agitated by vibratory 
agitation. The results of these investigations can be found in Figure 43. Also included 
is data for the cathode current efficiency for these deposits. 
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Figure 43, Effect of current density on cobalt content of zinc-cobalt alloys 
deposited from an acid electrolyte. 
Data for the percentage of cobalt in the deposit demonstrated definite anomalous 
deposition behaviour, and as before, discussion of this will be given in section 8.3. It 
is interesting to note that cathode current efficiency fell dramatically as the current 
density of electrolysis was increased, indicating that significant amounts of hydrogen 
were evolved at the cathode during metal deposition. 
At low current densities, the deposits obtained were a matt dark grey colour, while at 
higher current densities they were a light grey/silver colour. This might have been 
caused by variations in alloy composition, the formation of different phases within the 
alloy or by surface roughness effecting light reflection. 
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8.2 Zinc-Nickel Electrodeposition 
8.2.1 Initial Investigations 
Preliminary studies into the deposition of zinc-nickel alloys were carried out using an 
acid sulfate electrolyte, as described by BALDWIN et (1111451 (solution 6 detailed in 
section 7.1.3). It was claimed that coatings containing eight weight percent nickel 
could be produced over a wide range of current densities. 
8.2.1.1 Effects Of Current Density On Alloy Composition 
Figure 44 shows the relationship between alloy composition and current density for 
the zinc-nickel alloys, where composition was determined by analysing samples 
produced at a number of different current densities using vibratory agitation. 
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Figure 44, Effect of current density on nickel content of zinc-nickel alloys 
deposited from an acid electrolyte. 
As found with zinc-cobalt, electrodeposition of zinc-nickel alloys demonstrated 
anomalous type deposition behaviour, more of which will be mentioned in section 8.3. 
Although cathode current efficiency fell with increasing current density, the effects 
were not as marked as those for zinc-cobalt alloys deposited from an acid sulfate 
electrolyte, indicating that the hydrogen evolution reaction was not quite so strong. 
Another similarity to zinc-cobalt is that the deposits exhibited a change in colour for 
high and low current densities. At low current densities, the deposits obtained were a 
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matt mid grey colour, while at higher current densities they were a light metallic grey 
colour. Again, this could be caused by variations in alloy composition, or the 
1291 formation of different phases within the alloy, as noted by WATSON, or by surface 
roughness effecting light reflection. 
BALDWIN et a1'451 stated that it was possible to obtain coatings containing eight 
percent nickel over a wide range of current densities. However, this value proved 
unachievable in this work. In the anomalous region, the alloy contained only four 
percent nickel. The main reason for this was thought to be due to omitting surface 
active agents from the electrolyte. This could have some influence on the nucleation 
and growth of crystals, and possibly the thickness of the diffusion layer, which would 
affect alloy content to some degree. 
These coatings did not demonstrate particularly good corrosion performance in salt- 
spray tests, see section 11.1.1, so the coating thickness was investigated with the 
following results. Data is included for `Corroban', a commercial zinc-nickel system 
for comparison purposes. 
Position Thickness (µm) Positions of data points measured 
1 10.0 6.5 5.3 
2 4.5 4.4 4.5 
3 5.6 7.0 7.1 
4 9.1 5.7 5.9 
}. 
BlankedSoff 
material 
5 5.8 5.3 4.2 
6 5.7 7.0 6.9 10 1++ 
11 10 AA L 
7 12.0 8.7 7.5 
8 8.7 7.8 7.7 40 
9 10.0 7.6 9.8 
10 13.0 8.4 12.0 80 
11 14.0 13.0 16.0 
12 30.0 25.0 37.0 
13 30.0 34.0 37.0 
Average 12.2 10.8 12.4 
10 
NE 
12 13 
10 1° 
38 
C .0 
W') 
It 4 10 
76 
Ü Ü Z (Note: All dimensions in mm. ) 
N 
N N 
Table 8, Comparison of the thickness variations (µm) for 8µm nominal thickness 
Zn-Ni coatings deposited from laboratory and commercial electrolytes. 
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Although the coating thickness fell to 4.4µm in some cases, this was not deemed 
sufficiently thin as to account for the corrosion performance obtained. Therefore, it 
appears that the low percentage of nickel present in these coatings is the real reason. 
Additionally, it has been stated in the literature that optimum corrosion performance is 
obtained with an alloy composition of between 10-15 weight percent nickel' `ý'ýý ýy'ýaýý 
What is interesting to note from this data is that the thickness distributions of deposits 
produced from a laboratory scale electrolyte were not too dissimilar to those produced 
from a commercial bath. This was quite surprising, since the commercial zinc-nickel 
deposit was expected to demonstrate excellent uniformity of thickness due to the 
number of addition agents present in solution to improve coating levelling, brightness 
and other physical characteristics. 
8.2.1.2 Morphology Of Zinc-Nickel Alloy Coatings 
As mentioned in the section above, coatings deposited at low current density were 
quite dark in visual appearance. When investigated using an electron microscope, 
Figure 45, these had a very fine crystal structure, accompanied by small rod-like 
growths. There does not appear to be any consolidation of the crystal growths, which 
could account for the ease with which these coatings could be scuffed. Additionally, 
light would not be easily reflected from such a surface, possibly causing the dark 
visual appearance of these coatings. 
Figure 45, SEM micrograph for Zn-Ni alloy deposited at 1.27A/dm2. 
117 
Results And Discussion - Zinc Alloy Deposition M. Simmons 
Coatings deposited at higher current densities consisted of slightly larger crystals, 
which were highly coalesced, see Figure 46, and as such, these tended to be more 
resistant to scuffing. Light would most likely be more easily reflected from such a 
surface, in comparison to the one described on the previous page, accounting for the 
lighter colouration found on these panels. At the regions of increased current density 
on this sample, i. e. near to the edges, the deposit was visibly rougher. Upon closer 
investigation, the coating was found to be covered with craters, see Figure 47. There 
are two possible explanations for this, both of which are centred around the evolution 
of hydrogen at the cathode surface. The first is that the coating attempted to grow 
around hydrogen bubbles that had formed on the cathode during later stages of metal 
deposition. The second is similar in principle, but this time the hydrogen formed at an 
early stage of deposition and became fully entrapped in the growing deposit. These 
entrapped bubbles may then have exploded outward causing the small craters 
observed. 
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Figure 46, SEM micrograph for Zn-Ni alloy deposited at 16.25A/dm2. 
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Figure 47, SEM micrograph for Zn-Ni alloy deposited at 16.25A/dm2 showing 
crating in high current density regions. 
Coatings deposited at exceptionally high current densities, 50A/dm2, demonstrated yet 
another morphology, see Figure 48. In the central region of this panel, the coating 
demonstrated a structure consisting of large nodules. Small structures resembling `sea 
coral' were also present in this deposit. It is not known for sure what these actually 
were, but one thought is that they could be the initial stages of new crystal growth, or 
codeposited oxides/hydroxides present on account of the extremely high current 
density employed. The use of X-ray diffraction techniques could have provided 
additional information on which to make further judgements regarding their actual 
identity. At lower magnification, see Figure 49, the coating appears highly streaked in 
one direction. This effect could have been caused by burnishing marks present on the 
panel prior to electrodeposition, or by hydrogen bubbles running up the surface as 
they broke away during deposition. Current density distribution effects were also 
present on this panel near to the edges. These manifested themselves as an 
enlargement of the nodules found in the centre of the panel. In some cases, these were 
found to be greater than 10µm across, see Figure 50. At a lower magnification, Figure 
51, large pores of up to 13µm can be seen in the coating. Due to the number of these 
pores in the deposit, they have been attributed to severe hydrogen evolution during 
formation of the coating. All of the pores appear to lie along the lines of streaking 
mentioned above, supporting the theory that hydrogen evolution caused this effect. 
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Figure 48, SEM micrograph for Zn-Ni alloy deposited at 50A/dm2 at high 
magnification showing nodular structure and `sea coral' structure. 
', " i; ýý; 
ý rte.,, 7 ;ý 
ýý J. { ý 
ýý. 
-ýý-ýý. : ýný cý 7`'ýý ý.: rýf 
_"r , l:. r 
-i 
!44 "h' "F ! ý, 
ýq 
r 1. ) º ý". , 
fit "*ý ý"+JtQ T,! 
` 
}_ ~n - .fx. ,; 
7T 
ý, + 
ý" 
.T" "Fwrr-I 
,ý 
sj i .ý eO i" +° 4Mf ý' Zý i.: 7ýr Wi `rTt }s 
7 ti' 
t t" 
.C 
mss, 
rr 
.w `ý .L 
4T a XL 
tr Ka 
S"Mi` 
Figure 49, SEM micrograph for Zn-Ni alloy deposited at 50A/dm' at low 
magnification showing streaking of the deposit. 
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Figure 50, SEM micrograph for Zn-Ni alloy deposited at 50A/dm2 at high 
magnification showing large nodular structure. 
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Figure 51, SEM micrograph for Zn-Ni alloy deposited at 50A/dm2 at low 
magnification showing streaking of the deposit and porosity. 
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The micrograph shown in Figure 52 shows the fine hydroxide needles previously 
reported by BALDWIN et all145' These were found at the low current density end of a 
Hull-cell panel where the deposit was extremely thin. BALDWIN and co-workers 
attributed these to the precipitation of zinc hydroxide onto the cathode surface. These 
reportedly occur as a result of hydrogen evolution, which leads to a build up of 
hydroxyl ions (OH-) in the diffusion layer that forms adjacent to the cathode during 
electrolysis. These OH- ions then react with zinc ions in solution to form zinc 
hydroxide, which can precipitate out onto the cathode surface forming the fine needle 
like structures observed. 
Figure 52, SEM micrograph for Zn-Ni deposit showing presence of fine 
hydroxide needles. 
Figure 53 shows the surface morphology of `Corroban', which is a commercial zinc- 
nickel alloy electroplating bath. As can be seen, the coating demonstrated a fine 
`cauliflower' type morphology, the structure of which was much finer than the 
structure of coatings obtained from the laboratory scale electrolyte discussed above. 
This is because `Corroban' has been optimised to give improved deposit attributes, 
where no such optimisation has been carried out for the simple sulfate laboratory bath. 
The micrograph also shows microcracking of the deposit. Such a characteristic is 
beneficial in spreading corrosion over a larger surface area, thus reducing the overall 
corrosion rate of the coating. A similar example of this phenomenon is found on 
microcracked nickel-chromium layered deposits. 
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Figure 53, SEM micrograph for `Corroban', a commercial Zn-Ni system, 
deposited at 2.69A/dm2. 
8.2.2 Studies Of Other Acid Zinc-Nickel Alloy Electroplating Baths 
After encountering problems with low nickel contents in both the conventional zinc- 
nickel and zinc-nickel/PTFE deposits (see section 10.3.3.2), and hence poor salt-spray 
performance, it was decided that a number of alternative electrolytes should be 
investigated. It appeared logical to increase the nickel concentration in the 
electroplating bath to see what effects this had on the alloy content of deposits. 
Initially, the nickel concentration was doubled, with further additions of nickel sulfate 
being made to bring the final concentration up to three times that of the original bath. 
The results of these trials can be found in Figure 54. 
Increasing the nickel concentration of the electrolyte increased the percentage of 
nickel found in the alloy. Similar findings were reported by ABIBSI et al"47l, in their 
work on zinc-nickel alloys deposited from chloride baths. Additionally, as the bath 
nickel concentration was increased, the transition current density (see section 8.3) 
appeared to have become reduced to a lower value. ABIBSI et al also noted this, 
stating that "the transition between normal and anomalous behaviour occurs at higher 
bath nickel concentrations as the current density decreases". Consequently, for a 
higher nickel concentration, the transition current density will be reduced to a lower 
current density. From the above data, it was concluded that a solution containing three 
times the nickel content of the original electrolyte was capable of providing deposits 
123 
Results And Discussion - Zinc Alloy Deposition M. Simmons 
containing the required amount of nickel for optimum corrosion resistance (10- 
15wt. %). However, the deposits were of poor quality and dark in appearance. 
Therefore, three further electrolytes were investigated with respect to their capability 
to deposit alloys containing the required percentage of nickel, as shown in Figure 55. 
These electrolytes also proved capable of producing deposits containing the required 
amount of nickel for optimum corrosion performance, which were of better quality, 
being semi-bright in appearance. The sulfate based electrolyte, bath 4, tended to 
exhibit some current density effects at higher current densities, in the form of burning 
at the edges of plated panels. Both of the chloride based electrolytes proved operable 
over an extremely wide range of current densities, giving visually satisfactory 
deposits without any obvious current density effects. The data obtained for bath 5 
(solution number 7 from section 7.1.3) agrees well with data presented in the relevant 
literature 1147j. From these trials, the simple sulfate bath with increased nickel content, 
and solutions 7 to 9 (see section 7.1.3 for details), were selected for continued 
investigation with respect to their suitability for the production of zinc-nickeUPTFE 
composite coatings, as described in section 10.3.3.3. 
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Figure 54, Effect of varying nickel content of the electrolyte on zinc-nickel alloy 
composition. 
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Figure 55, Composition of zinc-nickel alloys deposited from other electrolytes. 
8.3 The Anomalous Deposition Of Zinc Alloys 
During the electrodeposition of zinc alloys, containing one of the iron group metals 
(e. g. iron, cobalt or nickel), the phenomenon of anomalous deposition occurs. This is 
characterised by preferential deposition of the less noble metal, in this case, zinc. 
Additionally, percentages of the more noble metal present in these alloy deposits are 
usually lower than the metal's concentration in the electrolyte. However, this is region 
two of a three region current density dependency, as can be seen in Figure 56, with 
regions one and three demonstrating normal deposition. 
Region 1 Region 2 Region 3 
(Normal) (Anomalous) (Normal) 
% Alloy 
Element 
Current 
Density 
Figure 56, Three regions found when depositing zinc alloys demonstrating 
anomalous deposition behaviour. 
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There have been a number of different models developed to explain the anomalous 
deposition of zinc alloys, where the alloy element is an iron group metal. Two models 
will be described here; the first of which is the widely accepted hydroxide suppression 
model. This is followed by a brief discussion of the anomalous deposition of alloys 
from chloride type baths. The second, more recent model discussed, is based on the 
kinetics of metal deposition. 
8.3.1 Hydroxide Suppression Model11451 
For this discussion, the more noble alloying element will be referred to simply as 
Mnobte. 
Region 1- Normal deposition: At lower current densities, region one, normal 
deposition usually occurs, where the more noble metal deposits preferentially. 
Therefore, the percentage of this metal found in the alloy exceeds its concentration in 
the electrolyte. 
The predominant electrochemical processes in region one, for an aqueous solution 
containing zinc and Mnoble ions, are widely considered to be the noble hydrogen and 
Mnoble deposition reactions: 
2H+ + 2e => H2 
Mnoble ++ 2e = Mnoble 
However, significant levels of zinc can be found in alloys formed in this region. This 
is believed to be caused by the gradual build up of zinc hydroxide on the cathode 
surface. Zinc hydroxide is said to result from the pH rise occurring within the cathode 
diffusion layer, as discussed in section 8.2.1.2. As electrolysis continues, more of the 
hydroxide precipitates out onto the cathode, reducing the area available for metal 
deposition, in turn, causing an increase in the current density at vacant sites on the 
cathode. More zinc hydroxide would be produced at these sites, raising the pH even 
further, resulting in increased polarisation of the cathode. Eventually, by this 
mechanism, the deposition potential for zinc would be reached. 
Region 2- Anomalous deposition: When current density is increased, the transition 
from normal to anomalous deposition occurs. As stated at the start of this section, in 
the anomalous region, the amount of Mnobie deposited in the alloy falls below the 
concentration of this metal in the bath. 
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This transition is said to result from the formation of a critical concentration of zinc 
hydroxide at the cathode surface. It has been proven that the pH within the diffusion 
layer, at this transition, reaches the critical value for zinc hydroxide precipitation, pH 
= 5.511441. Hydroxides of nickel and cobalt do not form until the solution pH reaches 
values of 6.6[1451 and 6.81144respectively, and as such are not expected to form in the 
anomalous region. 
Adsorption of zinc hydroxide at the transition current density causes the equilibrium 
potentials of hydrogen and Mnoblc to become polarised to the deposition potential of 
zinc, which is the next reducible species available for deposition. Therefore, the 
predominant reaction in the anomalous region is regarded to be the deposition of zinc: 
Zn 2+ +2e = Zn 
Additionally, the reduction of zinc hydroxide is believed to be thermodynamically 
favoured over direct cation reduction reactions: 
Zn(OH)2 + 2e = Zn + 20H- 
Therefore, precipitation of zinc hydroxide will not only suppress the deposition of 
Mnoble, but may also act as an intermediate in the electrodeposition of zinc. The rate of 
zinc hydroxide formation is governed by the rate of hydroxyl ion (OH-) formation, 
due to the reduction of zinc hydroxide and hydrogen evolution. If no zinc deposition 
occurs under diffusion control, and sufficient zinc ions are supplied from the bulk of 
solution, the rate of zinc hydroxide production will exceed that of its consumption. 
Under these conditions, an excess of Zn(OH)2 will be present, as demonstrated in 
Figure 52. 
Region 3- Normal deposition: At high current densities, there is yet another 
transition, where normal deposition takes over the anomalous type. In this region, 
alloys containing an increased amount of the more noble metal result. 
At these high current densities, zinc hydroxide formation is believed to be retarded by 
a decreased concentration of zinc cations in the diffusion layer, caused by 
concentration polarisation effects. Under this regime, hydrogen and Mnoble deposition 
is said to occur more readily. Additionally, decreased zinc hydroxide levels in the 
diffusion layer result in a gradual depolarisation of the equilibrium potentials for 
hydrogen and Mobie, allowing their preferential reduction. At these high current 
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densities, cathode polarisation is high, resulting in an increased rate of zinc hydroxide 
reduction, further lowering its concentration at the cathode. From this, it can be 
assumed that the rate of zinc hydroxide reduction exceeds its rate of production. 
8.3.1.1 Modification To The Basic Model 
YAN et alý1 ' proposed some changes to the basic model, whereby anomalous 
deposition of zinc-cobalt alloys from a simple sulfate bath occurred as the result of a 
two step process. The first of these is similar to that described above, where a zinc 
hydroxide precipitate forms on the cathode surface, which then acts as a barrier; 
hindering further diffusion of H+, Co 2+ and Zn 2+ ions toward the cathode, in turn 
preventing additional increases in pH. Zinc deposition then occurs at the cathode- 
Zn(OH)2 interface, depleting the zinc hydroxide layer. In the second stage, as this 
layer becomes further depleted, normal deposition takes over, enabling the 
preferential deposition of cobalt, resulting in a cobalt rich layer. This rapidly becomes 
interrupted by the formation of a new zinc hydroxide layer, due to hydrogen evolution 
occurring during the cobalt deposition. By this method, zinc-cobalt alloys are 
deposited having a laminar type structure, as reported by the aforementioned authors. 
8.3.2 Anomalous Alloy Deposition From Chloride Type Electrolytes 
The previous discussion of anomalous deposition holds true for sulfate type baths, but 
for electrolytes based on the chloride ion, various complications arise. These are 
caused by complexing reactions known to occur between the zinc and the chloride 
ions present in solution. Additionally, with chloride based zinc-nickel electrolytes, 
nickel deposition is said to occur as a result of the reduction of a NiCI adsorbate 
intermediate: 
NiCI+ +e NiClads 
NiClad, +e Ni + Cl 
Therefore, it can be said that ZnCI+ and NiCl+ play major roles in the deposition of 
['as1 zinc-nickel alloys from chloride baths 
8.3.3 Model Of Li, Cai And Zhou[1561 
Recently, LI et a1L156' proposed a model describing anomalous deposition in terms of 
the kinetics of metal deposition, and the effect of hydrogen evolution on these. 
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Basically, the model states that micro- and hydrodynamic convection induced by 
hydrogen evolution favours processes with faster kinetics which are readily 
influenced or limited by diffusion (i. e. deposition of the less noble metal), and retards 
processes with slower kinetics which are charge transfer controlled. Convective mass 
transfer has little effect on charge transfer controlled processes, but greatly enhances 
diffusion limited processes. The authors then went on to state a number of rules for 
this theory, as follows: (i) Ions of the more reactive metal have faster kinetics, but the 
deposition of this metal is only higher when a sufficient overpotential is applied. (ii) 
Hydrogen evolution mainly enhances mass transfer by convection. (iii) Convective 
mass transfer only speeds up processes with faster kinetics when they are influenced 
by diffusion, especially when diffusion is limited, but has little effect on, or retards, 
processes which are charge transfer controlled. (iv) Convective flow depends on the 
absolute quantity of hydrogen bubbles produced, not on the current efficiency. (v) 
Overpotential accelerates the processes controlled by charge transfer, but has little 
effect on diffusion controlled processes. (vi) Metal deposition can be changed from a 
charge transfer controlled process to one which is diffusion limited/controlled simply 
by raising the overpotential. (vii) Deposition reactions that run in parallel, such as 
those occurring on a confined electrode surface, do not interfere with each other, 
provided that both are diffusion limited. However, diffusion limited deposition 
reactions may affect the rate of charge transfer controlled deposition processes. If both 
reactions are charge transfer controlled, they may interact with one another (e. g. to 
compete for the active surface). 
Therefore, the determining factor for this model is the overpotential which favours 
processes having the faster reaction kinetics. 
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9 Electrodeposition Of Zinc/PTFE Composite Coatings 
9.1 Preliminary Investigations Into Zinc/PTFE Deposition From An 
Alkaline Electrolyte 
Initial studies into the codeposition of PTFE with zinc were conducted in two litres of 
an alkaline zinc electrolyte (solution number one from section 7.1) containing the 
equivalent of lOg/1 added PTFE (DuPont TeflonTM 30-N dispersion). In the 
manufacturers data sheets accompanying this product, it was stated that if solution pH 
were dropped to a value below ten, then the PTFE particles would coagulate and fall 
out of suspension. This was the main reason for selecting an alkaline zinc electrolyte. 
Solution agitation was achieved by means of mechanical stirring. The results are as 
follows: 
Current Cathode Percent 
densit1 current PTFE Visual observations 
, (Aldm) efficiency (%) (atomic %) 
0.5 109.5 0.2 Highly streaked. Narrow light 
grey band in centre. 
0.8 203.0 0.2 As above, but grey band is 
slightly broader 
1.0 99.9 
measured 
Grey band slightly broader. 
Virtually no streaking. 
1.5 100.8 0.2 Reasonably uniform. Light grey 
colour across entire panel. 
Table 9, Percentage PTFE codeposited from alkaline electrolyte containing 1Og/1 
PTFE particles. 
Only two litres of solution were made up at this stage, in order to ensure that no 
extraneous effects took place, such as the PTFE falling out of suspension. No such 
effects were found. PTFE fell to the bottom of the cell upon addition of the dispersion, 
but became mobile in solution again when agitation was applied. The conventional 
alkaline zinc electrolyte, with no PTFE added, yielded an optimum current density of 
0.75A/dm2 for metal deposition, so a current density of 0.8A/dm2 was used for the 
preliminary zinc/PTFE codeposition trials. Initial attempts to form a coating at this 
current density resulted in a deposit that was highly streaked on the horizontal plane, 
except for a narrow light grey band in the centre of the panel. The extremely high 
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cathode current efficiency for this sample may have been caused by a long electrolysis 
time. Due to the poor visual appearance of this deposit, other current densities were 
investigated either side of 0.8A/dm2.1.5A/dm2 gave deposits with little evidence of 
streaking, and the best visual appearance. From these results, it appears that the 
addition of second phase particles into an electrolyte may alter the solution 
conductivity somewhat. Although, the rapid stirring motion used may also have 
played a part in this behaviour, since increased agitation increases mass transport of 
metal ions to the cathode. The effects of PTFE particles on the solution conductivity 
will be discussed later in section 9.3. 
X-ray wavelength dispersive analysis (WDX) performed on the coatings, to determine 
the amount of codeposited PTFE, revealed only trace amounts of fluorine to be 
present. Since PTFE has a low atomic number, it should appear dark in back-scattered 
electron microscope images, when compared with materials having a higher atomic 
number, e. g. zinc. This was another useful tool in the investigation of these types of 
deposit. However, electron microscopy proved inconclusive, since all dark regions on 
the back-scattered images could be related to surface defects on the secondary 
electron images; therefore, no micrographs were taken at this time. From these 
findings, it was concluded that there were no significant levels of PTFE present in the 
deposit and the trace amounts of fluorine found by WDX could probably be attributed 
to background noise. Two possible reasons for the lack of PTFE inclusion were 
considered at this stage. The first was that the stirring rate may have been too high and 
the PTFE particles did not remain on the cathode surface for sufficiently long times to 
become mechanically entrapped in the growing deposit. The second possibility was 
that the surfactants used in the dispersion altered the particles surface charge in such a 
way that they were repelled from the negative cathode. 
9.1.1 Effects Of Agitation Type 
From the above results, it was obvious that there was very little or no PTFE being 
codeposited. In order to determine whether this was a volume effect, the electrolyte 
was made up to four litres, and the PTFE concentration adjusted accordingly. Further 
trials were conducted, investigating the effects of different agitation types, as 
represented in Table 10. In each case, the current density was adjusted to give 
deposits with the best visual appearance. The anode material was also tested to 
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determine whether the PTFE particles had been preferentially attracted to this 
electrode as opposed to the cathode. 
Agitation technique 
Current density 
(AldmZ) 
Cathode current 
efficiency (%) 
Percent PTFE 
(atomic %) 
Slow stirring 0.5 99.3 4.2 
Fast stirring 1.5 100.2 5.0 
Gentle air sparging 0.5 92.9 4.2 
Vigorous air sparging 1.5 96.7 1.7 
Table 10, Effects of agitation type on percentage PTFE codeposited from alkaline 
electrolyte containing lOg/l PTFE particles. 
From this data, it will be noted that the use of more vigorous agitation allowed a 
higher current density to be used, due to increased mass transport of metal ions to the 
cathode as mentioned previously. These findings back up previous theory stating that 
the level of agitation accounted for the increase in useable current density. 
As can be seen, the amount of PTFE detected in these coatings was significantly 
greater than that of the coatings represented in Table 9. Discussion of this 
phenomenon will be made later in section 9.2. 
Upon checking the anode material for PTFE, none was found, suggesting that the 
particles were not being attracted to this electrode. Therefore, the low PTFE content 
of the coatings shown in Table 9 was not caused by repulsion of the PTFE particles 
from the cathode as described above. However, more will be said about this in section 
9.5 
9.1.2 Effects Of Increasing The Solution PTFE Concentration 
Following the trials using a solution concentration of lOg/1 PTFE, it was decided to 
investigate the effects of increasing the overall concentration to 30g/1 dry weight 
PTFE. Deposits were made under the same conditions as those stated in Table 10, 
except that vigorous air sparging was not used since it caused excessive foaming of 
surfactants present in the electrolyte from addition of the PTFE dispersion. 
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Agitation technique 
Current density 
(A/dmz) 
Cathode current 
efficiency (%) 
Percent PTFE 
(atomic %) 
Slow stirring 0.5 98.4 0.4 
Fast stirring 1.5 97.2 3.3 
Gentle air sparging 0.5 93.5 8.3 
Table 11, Effects of agitation type on percentage PTFE codeposited from alkaline 
electrolyte containing 30g/l PTFE particles. 
Upon comparison of the data presented above, with that from Table 10, there appears 
to be no continuity in the results at all, unless the operating parameters were 
influenced by the concentration of particles within the electrolyte. Further discussion 
regarding the percentage of PTFE codeposition will be made in section 9.2. 
9.1.3 Effects Of Using Vibratory Agitation 
Previous work by KALANTARY et ai87'88'1491 reported that the plate-pumping 
process, or vibratory agitation as the aforementioned authors called it, was particularly 
beneficial to the production of composite coatings. Calibration of the vibromixer was 
11491 based entirely upon previous work carried out by KALANTARY, see Appendix C 
for calibration chart. Three different agitation rates were selected using this apparatus 
as stated in Table 12. 
Agitation 
rate 
Vibromixer 
voltage (V) 
Approximate displacement 
of the mixing plate (mm) 
Mild 150 0.056 
Medium 180 0.080 
Vigorous 220 0.115 
Table 12, Vibromixer agitation rates (after KALANTARY'1491). 
The minimum agitation rate required to keep the particles buoyant in solution was 
found to be when 150V was supplied to the vibromixer. The upper working voltage of 
this device, providing the maximum rate of agitation, was quoted as being 220V, 
while 180V provided a mid range agitation rate. 
Results from the trials utilising this type of solution agitation are given in Table 13. 
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Agitation 
Current Percent 
rate 
density PTFE Visual observations 
(A/dm) (atomic %) 
0.5 11.7 Streaked deposit. 
Mild 1.0 8.3 Uniform deposit. 
1.5 3.5 Dendritic deposit. 
0.5 8.7 Streaked deposit. 
Medium 1.0 6.1 Uniform deposit. 
1.5 8.7 Streaked deposit. 
0.5 15.2 Streaked deposit. 
Vigorous 1.0 7.2 Slightly streaked deposit. 
1.5 8.7 Uniform deposit. 
Table 13, Effects of vibratory agitation on percentage PTFE codeposited from 
alkaline electrolyte containing 30g/l PTFE particles. 
On the whole, vibratory agitation appeared to offer increased rates of PTFE 
codeposition when compared to other agitation methods, confirming the suggestions 
of KALANTARY et al [87,88,149] that this method is highly suitable for the agitation of 
composite electroplating baths. 
9.1.4 Comparison Of Data Obtained From Cross-Sections 
Table 14, overleaf, compares the percentage PTFE data obtained from analysis of the 
coating surface, detailed in the previous tables, to that obtained from the analysis of 
cross-sectional samples. 
From this data, it appears that the percentage of PTFE on the surface was higher in the 
majority of cases. This may have been due to the formation of an adsorbed PTFE 
surface film similar to that noted by HELLEJ92.941, or due to particle entrapment by 
surface features such as pores or nodules upon removal of the panel from the 
electrolyte. This latter point being noted by HOVESTAD et al681 in their work on 
zinc/polystyrene composite deposition. Another alternative, is that the panel may have 
retained an electrostatic charge after turning the current flow off, which would prevent 
the particles being washed away upon removal of the panel from the electrolyte. 
However, it can also be seen that there was no direct correlation between the amount 
of codeposited PTFE measured on the surface of each sample, to that measured in the 
cross-section (i. e. a high surface PTFE concentration did not strictly equate to a high 
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cross-sectional PTFE concentration). This was possibly due to inadequacies in the 
analysis technique, as discussed in section 9.2. 
Percent PTFE (atomic %) 
osition Conditions of de p Surface Cross-section 
PTFE = lOg/1. Slow stir. 0.5A/dm . 4.2 0.7 
PTFE = lOg/1. Fast stir. 0.5A/dm2. 5.0 3.7 
PTFE = lOg/l. Gentle air sparge. 0.5A/dm2. 4.2 0.7 
PTFE = 30g/l. Slow stir. 0.5A/dm . 0.4 1.1 
PTFE = 30g/1. Fast stir. 0.5A/dm2. 3.3 0.8 
PTFE = 30g/l. Gentle air sparge. 0.5A/dm2. 8.3 1.6 
PTFE = 30g/1. Mild vibratory agitation. 
0.5A/dm2. 11.7 2.2 
1. OA/dm2. 8.3 1.2 
1.5A/dm2. 3.5 1.0 
PTFE = 30g/l. Medium vibratory agitation. 
0.5A/dm2. 8.7 2.0 
1. OA/dm2. 6.1 0.6 
1.5A/dm2. 8.7 2.7 
PTFE = 30g/l. Vigorous vibratory agitation. 
0.5A/dm2. 15.2 1.5 
1. OA/dm2. 7.2 2.0 
1.5A/dm2. 8.7 1.8 
Table 14, Comparison of percentage PTFE codeposited from alkaline electrolyte 
containing obtained from surface and cross-section analysis. 
9.1.5 Morphology Of Zinc/PTFE Composites From An Alkaline Bath 
Figure 57 shows some of the features found on the surface of a typical composite 
electrodeposit containing low amounts of PTFE. The various features could be 
verified by utilising various techniques. Surface porosity shows up as a dark area on 
both the secondary electron image (left-hand side) and backscattered electron image 
(right-hand side). The PTFE tended to show up as rounded particles on the surface in 
secondary electron images, or tended to charge-up and glow, depending on the 
accelerating voltage and probe current used in the electron microscope. These 
particles appeared as dark areas on the backscattered images due to atomic number 
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contrast, whereby substances having high atomic number (i. e. the zinc) show-up as 
lighter greys in comparison to substances possessing a lower atomic number (i. e. the 
PTFE). 
rT 
". #4 
Figure 57, SEM micrograph demonstrating typical surface features of a 
Zn/PTFE composite deposited from an alkaline electrolyte. 
Coatings with the higher PTFE contents (between 8 and 15 atomic percent) appeared 
to be highly streaked, based upon visual observations. Upon closer inspection of these 
streaked coatings, Figure 58, it can be seen that the streaks were in fact clusters of 
nodular outcrops. These nodules tend to favour PTFE codeposition, with the thinner 
portion of the coating being almost entirely devoid of the polymer. This can be seen 
more clearly in the cross-section shown in Figure 59, where the PTFE containing 
nodule extends to almost 20µm from the substrate. It will also be noted from this 
figure, that the remaining areas of deposit were relatively thin, or possibly even non- 
existent. Similar effects have been noted for zinc/polystyrene composites, whereby 
particle codeposition was found to be higher for composites having a mossy basal 
type morphology than those having a compact intermediate morphology (i. e. a coating 
made up from platelets) 1681. The fact that codeposited PTFE particles were generally 
confined to these nodules meant that the results for PTFE content by WDX could 
vary, depending upon the area analysed. 
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Figure 58, SEM micrograph showing the nodular type morphology and poor 
PTFE distribution of a Zn/PTFE composite. 
Figure 59, Cross-sectional SEM micrograph showing the poor thickness 
distribution of a Zn/PTFE composite. 
Coatings containing lower amounts of PTFE (less than 8 atomic percent) tended to 
have a smooth and uniform appearance. However, upon investigation with the 
electron microscope, it became apparent that these coatings were in fact extremely 
porous. Figure 60 demonstrates this admirably for a surface. One possible explanation 
for this is that the coating may not have fully closed up over the PTFE particles, 
leading to the formation of surface pores. However, investigation of a coating cross- 
section, Figure 61, reveals that this was not the case, since the pore extends all the 
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way down to the substrate. This evidence suggests that the porosity may have been 
caused by hydrogen evolution, or the presence of hydrogen bubbles adsorbed onto the 
cathode surface. 
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Figure 60, SF'%1 micrograph of a Zn/PTFE composite showing surface porosity. 
Figure 61, Cross-sectional SEM micrograph of a Zn/PTFE composite showing 
coating porosity. 
The cross-sectional micrograph shown in Figure 62 represents a coating having a 
uniform thickness distribution. However, referring back to Table 13, it can be seen 
that this particular coating had a streaked appearance, and as such should appear 
similar to that depicted in Figure 59. Therefore, it is proposed that this cross-section 
may have been made along the length of one of these streaks or at the edge of the 
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specimen where the deposits tended to be much more uniform in appearance. What 
this micrograph does show, however, is that the PTFE particles were uniformly 
distributed throughout the coating. There is some evidence of void formation within 
the coating, but this can be found with conventional zinc electrodeposits, as shown in 
Figure 63. 
Figure 62, Cross-sectional SEM micrograph of a Zn/PTFE composite showing 
uniform coating thickness and PTFE distribution. 
Figure 63, Cross-sectional SEM micrograph for a conventional zinc coating. 
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9.2 Gravimetric Analysis Of Zinc/PTFE Composites 
Due to the problem of obtaining percentage PTFE data that did not appear to be 
directly comparable with cross-sectional SEM micrographs, another method of 
determining the PTFE content of these coatings was needed. 
The majority of authors in the literature, investigating other composite coating 
systems, stated the use of a gravimetric technique whereby the coating was dissolved 
and the particles filtered out. 
In initial investigations into this technique, a 10% hydrochloric acid solution was used 
to remove the zinc/PTFE coatings from their mild steel substrates. Stability of the 
membrane filters in such an aggressive solution was determined by dissolving a 
conventional zinc coating in the acid solution, adjusting the pH to approximately 2.5 
and immersing one of the filters into the resulting solution. No weight change was 
noticed for up to two hours immersion, which was deemed enough time for filtration 
through the very fine pores of the membrane filter. When adjusting the acid solution 
pH, care had to be taken not to exceed the value of 2.5 stated above; otherwise, a 
white precipitate formed which could give errors regarding the measured weight of 
PTFE. This precipitate was most likely zinc-hydroxide, which is amphoteric; capable 
of dissolving in acid solutions to give zincic (Zn2+) ions, and in alkaline solutions to 
give bizincate (HZn02) or zincate (Zn022-) ions 1157] Zinc is also reportedly able to 
form hydrochloric complexes; however, no information regarding their solubility was 
available at the time of writing. 
Table 15 shows a comparison of the percentage PTFE data obtained using WDX with 
that obtained using the gravimetric method. The X-ray technique provides atomic 
percentage PTFE in relation to a sodium fluoride reference, while the gravimetric 
technique provides a more useful volume percentage. 
Using WDX to determine the percentage of PTFE present in the coatings had some 
drawbacks. Composition was found to vary when different positions were analysed, 
due to variations in PTFE content across the coating, as discussed in section 9.1.5. 
Another drawback, is that PTFE itself cannot be detected, only the element fluorine. 
Consequently, the percentages of PTFE stated in the data were only approximate, and 
closely related to the amount of fluorine found in the reference sample. Therefore, as 
a technique for determining the PTFE content of metal/PTFE composite coatings, 
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WDX was not particularly of benefit. Conversely, the gravimetric technique was far 
superior for the purpose of determining PTFE content, since it was not area dependent 
and provided a more accurate value for the deposit as a whole. X-ray wavelength 
dispersive analysis should not be totally disregarded though, as it proved beneficial in 
determining whether or not certain surface artefacts could be attributed to PTFE 
particles or some other species adsorbed onto the coating. In such investigations, a 
spot beam proved to offer exceptional control over the point of analysis. 
Current Percent PTFE itation A g 
rate 
density Surface Cross-section Gravimetric 
(A/dm) (atomic %) (atomic %) (vol. %) 
0.5 11.7 2.2 4.0 
Mild 1.0 8.3 1.2 4.2 
1.5 3.5 1.0 Not tested 
0.5 8.7 2.0 6.3 
Medium 1.0 6.1 0.6 3.78 
1.5 8.7 2.7 4.89 
0.5 15.2 1.5 7.8 
Vigorous 1.0 7.2 2.0 4.3 
1.5 8.7 1.8 3.8 
Table 15, Comparison of techniques used to determine percentage PTFE 
codeposited from alkaline electrolyte using vibratory agitation. 
9.3 Effect Of PTFE Concentration On Solution Conductivity 
The following two figures show the effect of adding non-conducting PTFE particles 
to an alkaline zinc electrolyte. Figure 64 shows the effect of adding PTFE to a dilute 
alkaline zinc electroplating bath in 5g/1 increments, while Table 16 shows the effect of 
agitation and particle concentration on the conductivity of a full strength solution. 
From the data presented in Figure 64, it is apparent that as the bath PTFE 
concentration was increased, the solution conductivity was reduced. This decrease fell 
along an almost linear trend with a slope of -0.395mS/cm per gram of PTFE added. A 
similar effect was found for a full strength solution, see Table 16, whereby the 
conductivity was higher at a bath concentration of 5g/1 than it was for a solution 
containing 30g/l PTFE. In both cases, the conductivity drop was approximately 21-22 
percent when a PTFE concentration of 30g/l was used. 
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Changes in solution conductivity were also noted by BAZZARD AND BODEN1 531, in 
their work on nickel/chromium composites. They found, however, that conductivity 
increased with additions of chromium particles to the bath. This was attributed to the 
highly conductive nature of these particles. In the present work, PTFE is a non- 
conductor, so the reductions in bath conductivity are believed to be caused by 
increased solution resistance due to the presence of these particles. 
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Figure 64, Effect of PTFE particle concentration on the conductivity of a dilute 
alkaline zinc electroplating bath. 
Agitation 
Conductivity (mS/cm) 
5g/1 PTFE 30g/1 PTFE 
Quiescent 272.5 205.0 
Vibratory 265.0 210.0 
Mechanical stirring 265.0 212.5 
Table 16, Effects of agitation and particle concentration on the conductivity of a 
full strength alkaline zinc/PTFE composite electroplating bath. 
9.4 Sedimentary Deposition From Alkaline Electrolytes 
After comparison of the data presented in Table 15 with that of other workers 
researching electrodeposited zinc/PTFE composites, it was believed that these 
percentages for PTFE codeposition were rather low. HELLE et a11931 stated that it was 
possible to obtain zinc coatings containing up to 39 volume percent PTFE, while 
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SAKSIN et a! 1661 quoted up to 46 volume percent. However, these workers used bath 
concentrations of PTFE in excess of those employed in these studies, 50g/1 for the 
work by HELLE, while SAKSIN used 100g/1. That said, the concentrations used by 
HELLE were only 20g/l greater than those used in the present study, and the coatings 
contained five times the amount of codeposited PTFE. 
In light of these findings, it was decided that another method of codeposition should 
be investigated. The sedimentary technique, as mentioned by CELIS AND ROOSE471, 
and BAZZARD AND BODEN [531, was selected for further investigation, the results of 
which are shown in Table 17. 
Electrolyte Current Percent 
concentration density PTFE 
of PTFE (g/1) (A/dm) (vol. %) 
0.06 1.8 
5 
0.20 4.2 
0.06 25.7 
30 
0.20 10.4 
Table 17, Percentage PTFE codeposited using the sedimentary technique. 
Initially, the same 30g/l PTFE electrolyte was used as in previous trials, but 
excessively low current density values had to be used in order to prevent `burning' of 
the deposits. In addition, large amounts of hydrogen were evolved at the cathode. 
Therefore, another bath containing less PTFE (5g/1) was investigated. Similarly, 
deposition was accompanied by severe hydrogen evolution, even at the low current 
densities employed. This suggests that the mass transport of zinc ions had become 
limited by the presence of the insulating polymer sediment layer formed on the 
cathode surface. This insulating film would also cause the overpotential required to 
drive the deposition reaction to become far greater than that needed for conventional 
zinc electrodeposition. As such, the thicker polymer layer occurring in the electrolyte 
containing 30g/1 PTFE may cause the overpotential to rise significantly, so that the 
hydrogen evolution reaction could affect the amount of PTFE codeposited at the 
cathode. This is believed to be the reason for reduced codeposition at higher current 
density from this electrolyte. Since overpotential and current density are interrelated, 
and the overpotential is already artificially high, raising the current will significantly 
increase the rate of hydrogen evolved at the cathode. This could affect the rate of 
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codeposition in two possible ways. Firstly, hydrogen adsorbed on the cathode surface 
may have a screening effect, preventing the PTFE particles ever coming into contact 
with the growing deposit. Alternatively, the hydrogen may form bubbles, which rise 
through the PTFE sediment or burst on the cathode causing a state of localised 
agitation, dislodging the particles from the growing deposit. Conversely, PTFE 
codeposition from the 5g/l concentration electrolyte increased with increasing current 
density. Since the PTFE sediment would be thinner in this solution, the overpotential 
needed to drive the deposition reaction would not be so great as that stated previously 
and hydrogen evolution would not be so vigorous. Therefore, the PTFE particles may 
not be dislodged from the surface to the extent of those mentioned above. 
Additionally, it would be easier for hydrogen to escape from the surface, since the 
sediment film is much thinner. 
Panels produced from the 5g/l bath contained less codeposited PTFE than those 
produced from the higher concentration electrolyte. Presumably, this was due to 
differences in the amount of PTFE available for codeposition, since the 30g/l 
electrolyte contained six times more PTFE than the lower concentration bath, with 
just above seven times more PTFE being codeposited. 
9.4.1 Heat-Treatment Of The Sedimentary Deposits 
After the initially promising results regarding the amount of PTFE codeposited with 
zinc using the sedimentary technique, it was decided to investigate the effects of heat- 
treatment on these deposits. Initially, it was hoped that by maintaining the heat- 
treatment temperature above that of the melt temperature of PTFE, a hydrophobic and 
lubricious PTFE surface layer would be formed, as stated by NISHIRA AND 
TAKANO1411, and HELLE et al921. A secondary, and beneficial, effect that this 
process would have is that it would serve to reduce hydrogen embrittlement of the 
steel substrate. 
The temperature for this treatment proved difficult to obtain from the literature[158-1641, 
since various different values for the melting temperature of PTFE have been stated, 
ranging from 300°C to 400°C. To confuse matters even further, measurable 
degradation is said to occur at temperatures as low as 230°C (0.0001% per hour)1 1611. 
However, the majority of degradation occurs at temperatures in the range of 400°C to 
590°C, with a peak rate occurring at 540°Culss-'ýaý Polymer degradation products in 
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general tend to be rather noxious substances, but those of PTFE include fluorinated 
olefins, carbonylfluoride, hydrogen fluoride, hexafluoropropene and 
perfluoroisobutene1158-1601. All of which are highly toxic, and hydrogen fluoride, in 
particular, forms hydrofluoric acid on contact with water. Obviously, it was desirable 
to remain outside of the temperature range for degradation, but in light of this rather 
confusing information, it was decided to determine the melt temperature of the 
polymer `in-house'. This information was obtained by differential scanning 
calorimetry for a small piece of PTFE sealing tape. The resultant DSC trace is shown 
in Figure 65. 
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Figure 65, DSC trace for PTFE sealing tape. 
The small peak occurring at 250°C may be due to the onset of degradation as noted by 
GANGAL11611, or possibly due to sample movement in the test apparatus. Similarly, 
other small ripples in the trace can be attributed to sample movement or background 
noise, particularly those occurring after 350°C. The onset of melting for this sample 
occurred at 320°C, with a peak melting rate occurring at 344°C and melting ended at 
approximately 350°C. This range of melting occurs as a result of the amount of 
crystal imperfection occurring in typical polymeric materials, with the most imperfect 
crystals tending to melt at lower temperatures and `perfect' crystals melting at higher 
temperatures. Peak melting, therefore, gives an indication of the amount of crystal 
imperfection within the polymer. As can be seen, the peak melting and end of melt 
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temperatures are close together, indicating a polymer crystal structure that has few 
imperfections. 
Since the DSC analysis gave an upper melt temperature of 350°C, heat-treatment was 
conducted at 360°C to ensure that the entire polymer had become molten. However, 
visual inspection of the panels revealed a slight discolouration after the heat-treatment 
process, while electron microscopy did not reveal any film formation on the surface 
whatsoever. 
The slight discolouration of the deposits can be attributed to oxidation, due to the 
panels being heated in an air atmosphere. Alternatively, there may have been some 
interdiffusion of the two metals, giving rise to a colour change. However, at the 
temperature used and the duration of heat-treatment, this latter suggestion seems 
improbable. 
9.4.2 Morphology Of The Sedimentary Zinc/PTFE Composite Coatings 
Inspection of the surface morphology for composites formed using the sedimentary 
technique from low PTFE concentration electrolytes, and at low current density, 
showed the coatings to be quite porous, with nodular growths on the surface, see 
Figure 66. This porous morphology could result from hydrogen evolution as discussed 
in section 9.1.5. The large rounded particles present in this micrograph may be one of 
two items; PTFE agglomerates, or dirt particles. NISHIRA et al'165' noted that 
agglomeration of PTFE occurs with certain surfactant combinations and 
concentrations. The three larger 50µm particles appear to be made up from many 
smaller particles, so this and the supporting literature mentioned above suggests that 
these organically shaped particles were PTFE agglomerates. However, no 
compositional analysis was carried out on these particles, so their true identity 
remains unknown. Closer inspection of this surface, Figure 67, shows the presence of 
a number of fine needle-like structures. At higher magnifications, these become even 
more apparent, see Figure 68. Presumably, these were hydroxide precipitates similar 
to those noted by BALDWIN et J1451 in their work on zinc-nickel alloys. Refer to 
section 8.2.1.2 for discussion regarding the formation of these. 
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Figure 66, SEM micrograph of a Zn/PTFE composite formed by sedimentary 
deposition at 0.06A/dm2 in an electrolyte containing 5g/l PTFE, showing surface 
nodules and porosity. 
Figure 67, SEM micrograph of a Zn/PTFE composite formed by sedimentary 
deposition at 0.06A1dm2 in an electrolyte containing 5g/l PTFE, showing fine 
grain structure and a surface nodule. 
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Figure 68, SEM micrograph of a Zn/PTFE composite formed by sedimentary 
deposition at 0.06A/dm2 in an electrolyte containing 5g/l PTFE, showing presence 
of fine hydroxide needles. 
The deposit formed at 0.2A/dm2 from the 5g/l bath demonstrated a fine platelet type 
morphology, with additional larger platelets protruding from the surface, see Figure 
69. Often, these larger platelets tended to form dendrites as shown in Figure 70, 
providing further evidence of mass transport limitation. When the diffusion layer 
becomes depleted in ionic species suitable for metal deposition, dendrites form and 
grow through this layer. 
Figure 69, SEM micrograph of a Zn/PTFE composite formed by sedimentary 
deposition at 0.2A/dm2 in an electrolyte containing 5g/l PTFE, showing platelet 
type morphology. 
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Figure 70, SEM micrograph of a Zn/PTFE composite formed by sedimentary 
deposition at 0.2A/dm2 in an electrolyte containing 5g/l PTFE, showing dendritic 
formation of platelets. 
Figure 71 shows the morphology of a sedimentary deposit formed at 0.2A/dm2 from 
an electrolyte containing 30g/l PTFE. As can be seen, some very large (approximately 
20 to 50µm diameter) organically shaped particles were present on the surface. 
Initially, these were thought to be dirt particles, but spot analysis with WDX showed 
them to contain large amounts of fluorine. From this analysis, it was obvious that 
these particles were PTFE, even though the nominal size of the polymer in dispersion 
was 0.2µm in diameter. One possible explanation for their relatively large size is that 
agglomerated particles, similar to those mentioned above, were present on the surface. 
Upon investigation of the coating using the electron microscope, these agglomerates 
may have become molten by the use of high accelerating voltages and probe currents. 
If the voltage and current had been lower, then the particles might have resembled 
those found in Figure 66. 
Figure 72 shows the cross-section of a heat-treated coating formed by sedimentary 
deposition from the electrolyte containing 5g/l PTFE. As can be seen, the coating does 
not appear to be greatly affected by the heat-treatment process. As previously 
mentioned, it was hoped that heat-treatment would produce a hydrophobic and 
lubricious PTFE film on the surface. Close inspection of the micrograph shows little 
evidence of such a film; however, there is what appears to be a diffusional effect 
approximately 5 to 10µm below the surface of the zinc. This may have been due to 
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corrosion, and could account for the slight discolouration noted above. The figure also 
provides further evidence that the nodules were PTFF rich. 
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Figure 71, SEM micrograph of a ZnIPTFE composite formed by sedimentary 
deposition at 0.2A/dm2 in an electrolyte containing 30g/l PTFE, showing presence 
of large organic particles on the surface. 
Figure 72, Cross-sectional SEM micrograph of a heat-treated Zn/PTFE 
composite formed by sedimentary deposition. 
9.4.3 Further Comments On Sedimentary Deposition 
At first glance, the sedimentary deposition technique appeared to offer a unique way 
of increasing the amount of PTFE codeposited at the cathode. However, the deposits 
formed were not particularly of good quality, and the required times of electrolysis 
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rendered this technique unusable in practical terms, so no further work was carried out 
using this process. 
9.5 Selection Of A More Suitable PTFE Dispersion 
The low PTFE codeposition rates, when compared to those of others[66'931, were 
initially thought to be caused by differences in solution viscosity, as discussed in 
section 10.1.3. However, the real reason for this discrepancy was due to the PTFE 
particles possessing the incorrect surface charge for their attraction to the cathode. A 
number of trials were conducted in order to characterise several different PTFE 
dispersions, and to determine the best one for use in composite electroplating baths, in 
order to give increased particle codeposition rates. The results are given in the 
following three sub-sections. 
9.5.1 Dispersion Stability 
As previously stated in section 9.1, when the TeflonTM 30-N dispersion was added to 
an alkaline zinc electroplating solution, the PTFE particles sank to the bottom of the 
cell. However, it was found that they could be re-dispersed by agitation of the 
electrolyte. After this agitation was stopped, all of the particles quickly settled to the 
bottom of the cell, indicating that the particles did not form a stable dispersion in the 
solution, although no coagulation was noticed. Similar effects were found for the 
other commercial PTFE dispersions. Next, the PTFE dispersions supplied by 
Southrace (Ltd) were individually added to conventional acid zinc electroplating 
baths. After addition of these dispersions, each of the resulting solutions was briefly 
agitated to suspend the particles. No rapid sedimentation was observed, as found with 
the commercial PTFE dispersions mentioned above, indicating excellent dispersion 
stability in the electroplating solution. After 26 hours settling time, each of the four 
dispersions still demonstrated excellent stability, although some sedimentation had 
occurred, as shown in Table 18 below. 
Dispersion PTFE 10/30 PTFE 23/15 PTFE 30/10 PTFE 28/10 
% sedimentation 13.0 13.0 13.0 8.7 
Reasonably Reasonably Reasonably Reasonably 
Observations stable stable stable stable 
dispersion dispersion dispersion dispersion 
Table 18, Percentage sedimentation after 26 hours settling time. 
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As can be seen from this data, the PTFE 28/10 dispersion appeared to offer the best 
stability, with the lowest percentage of sedimentation. However, this was not selected 
for use, since other trials using zinc alloy electroplating solutions tended to favour the 
PTFE 23/15 dispersion, the results of which can be found in section 10.3.1. Therefore, 
only the PTFE 23/15 dispersion was selected for further investigation. 
9.5.2 Effects Of Different Dispersions On PTFE Codeposition 
Each of the commercial dispersions, and the one selected above, were investigated to 
determine the effects of different surfactant types on zinc/PTFE codeposition. In each 
case, 30g/l PTFE (equivalent dry weight) was added to the electroplating baths, which 
were agitated by a maximum rate of vibratory agitation. Tests using a 50% mixture of 
the two non-ionic PTFE dispersions were also carried out in order to determine 
whether any beneficial effects could be obtained by using two different dispersions in 
unison. The results of these trials can be found in Table 19 below. Data for the 
DuPont TeflonTM 30-N dispersion is added by way of comparison. 
Current Percent 
Dispersion type density PTFE 
(A/dm (vol. %) 
35 
0.5 7.8 _ N fl 30 ST " (non-ionic) on - e 30 1.5 3.8 ö 
25 
0.5 3.1 w U. 20- M Fluors GP 1 (non-ionic) 
1.5 6.9 ä 
a) 15 
1350: 50 mixture Teflon 0.5 8.9 10 
30-N & Fluon GP 1 1 5 15 0 . . 5 1 
0.5 2.4 a0 
UIFuon GP2 (anionic) 
1.5 0.9 0.5 1.5 
0.5 33.1 Current Density (A/dm 2) 
IPTFE 23/15 (cationic) 1.5 34.2 
Table 19, Comparison of volume percent PTFE codeposited with zinc for 
different dispersion types. 30g/l PTFE in solution. 
As expected, the addition of FluonTM GP2, an anionic dispersion, to an electroplating 
bath resulted in very little PTFE codeposition. This is because the particles possessed 
a negative surface charge and were thus repelled from the cathode. By using a non- 
ionic dispersion, such as TeflonTM 30-N and FluonTM GP1, Codeposition was varied. 
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This may have been due to these PTFE dispersions having a small negative charge, 
produced by surfactants used during the polymerisation process, which is unaffected 
by additions of non-ionic surfactants. Therefore no attraction to the cathode by 
electrophoresis will occur, but the PTFE would be suitably wetted, allowing 
codeposition purely by mechanical entrapment of randomly adsorbed particles. A 
mixture of the two non-ionic dispersions appeared to give a slight improvement in the 
particle codeposition rates. One possible explanation for this is that both dispersions 
used different surfactants to suspend the PTFE in solution, which may have given the 
particles different surface charges. When these dispersions were combined, the 
surface charge difference may have been sufficient to give a small positive charge to 
the particles, so that they became weakly attracted to the cathode. As can be seen from 
the data, addition of a cationic dispersion allowed greater amounts of PTFE to be 
codeposited with zinc. This is due to electrophoretic migration and adsorption of the 
particles onto the cathode where they become incorporated in the growing metal film. 
However, these cationic dispersions could not be used in alkaline electrolytes, since 
the isoelectric point for these occurs at a solution pH of approximately nine, see 
Figure 73. The isoelectric point is the point at which the zeta potential is equal to zero, 
and coagulation occurs. In order to prevent coagulation, either neutral or acidic 
electrolytes had to be used. 
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Figure 73, Plot of zeta potential against solution pH (after HELLE' 1 1) 
9.5.3 Electron Microscopy Of The PTFE Dispersions 
As already stated, the DuPont TefonTM 30-N and ICI FluonTM GP1 are both 
commercially available PTFE dispersions containing non-ionic surfactants. 
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Micrographs obtained from scanning electron microscopy are shown in Figure 74 and 
Figure 75. Both dispersions consist of small spherical particles of approximately 
0.2µm diameter, with a very fine size distribution. Upon comparison with the PTFE 
23/15 cationic dispersion supplied by Southrace (Ltd), very few similarities exist, see 
Figure 76. This dispersion shows a number of different irregularly shaped particles, 
ranging from elongated cigar shaped to irregular spheroids, and a broad distribution of 
particle sizes, from 0.09µm to 0.5µm. These differences can be attributed to the 
different methods of dispersion preparation and, to some extent, the polymerisation 
process used. 
Both of the commercial dispersions investigated were produced by the emulsion 
polymerisation process. This is where tetrafluoroethylene (TFE) monomer is 
polymerised in an aqueous solution containing an emulsifier, typically ammonium- 
perfluorooctanoate (APFO), which is a powerful anionic surfactant. The process is 
kept under continuous gentle agitation to prevent coagulation of the particles. This 
results in a dispersion consisting of up to 40wt. % solid PTFE, in the form of finely 
sized spherical particles of approximately 0.2µm diameter. At this point, non-ionic or 
anionic surfactants are added and the dispersion concentration increased to between 
60-65% solid by electrodecantation, evaporation or thermal concentration [161-1631 . 
The dispersion, PTFE 23/15, was created by a somewhat more lengthy route. 
Microfine PTFE powder is added to water along with a critical concentration of non- 
ionic and cationic surfactants, while being mixed using a high shear mixer. Microfine 
powders are created by taking PTFE produced by a derivative of the emulsion 
polymerisation process, whereby the PTFE dispersion has been coagulated and dried. 
The resulting coagulated dispersion, or fine powder, polymer is then irradiated with 
either gamma or electron beam radiation, in order to reduce its molecular weight, and 
then ground to produce the microfine powder. Reducing the polymer's molecular 
weight lowers its resistance to tensile forces allowing it to be broken down further 
into smaller particles. Therefore, when subjected to high shear mixing and/or strong 
surfactants of the type outlined in the Akzo patent [931, these microfine powders tend to 
break-up into smaller particles of submicron size. This could go some way to 
explaining the wide variation of particle sizes and shapes found for this dispersion. 
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Figure 74, SEM micrograph of DuPont TeflonT"' 30-N non-ionic PTFE 
dispersion. 
4ý 
Figure 75, SEM micrograph of ICI FluonTM GP 1 non-ionic PTFE dispersion. 
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Figure 76, SEM micrograph of Southrace (Ltd) PTFE 23/15 cationic PTFE 
dispersion. 
9.6 Zinc/PTFE Composite Deposition Using Cationic Surfactants 
Initial attempts at producing zinc/PTFE composites using the cationic dispersion 
(30g/l concentration in the electrolyte), PTFE 23/15, were unsuccessful since deposits 
electroplated at 5A/drn 2 appeared black and powdery, i. e. `burnt'. After close scrutiny 
of the Akzo patent 1931, it became apparent that the electrolyte zinc concentration was 
too low, and that the bath was becoming mass transport limited. Therefore, the zinc 
salt content was increased from 62.3g/1 ZnSO4.7H2O to 300g/1 ZnSO4 7H2O. The 
resultant electrolyte allowed operation over a reasonably wide current density range 
(0.625 to 5A/dm2). 
9.6.1 Effect Of Varying PTFE Content In Electrolyte 
A brief study was conducted using the cationic PTFE 23/15 dispersion whereby bath 
concentration of the particulate was varied in the range 3 to 100g/l. The effects of 
varying current density were also investigated in situ, by using two different values 
for each PTFE concentration investigated. The results of these experiments are shown 
in Figure 77. Also included is data for a nickeUPTFE composite, for comparative 
purposes, as described by HELLE et a[931. 
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Figure 77, Effect of varying bath PTFE concentration on volume percent PTFE 
codeposited with zinc. 
For a given current density, PTFE codeposition was found to increase with the bath 
particulate concentration. Upon comparison of this data for zinc, with that for PTFE 
codeposition with nickel, matching trends can be seen. Other workers168"71 have 
noted similar findings for different systems, in some cases, stating that the variation of 
percentage codeposited material with bath concentration could be described by a 
Langmuir-type adsorption isotherm. Further discussion on this point will be made in 
section 9.6.1.1. 
A concentration of 30g/l PTFE (equivalent dry weight) in solution gave a deposit 
containing between 34.6 and 39.9 volume percent codeposited PTFE. This was 
sufficient to give the coatings hydrophobic properties, found during the gravimetric 
analysis. Also, this concentration was deemed adequate for the purposes of providing 
self-lubrication, since commercial electroless nickeUPTFE composites only tend to 
contain between 18 to 25 volume percent PTFE142,431 Electroless coating techniques, 
on the whole, tend to give deposits possessing a smoother surface texture than similar 
metal coatings produced by electrolytic techniques. Therefore, the fact that these 
coatings contain greater amounts of PTFE than the commercial electroless PTFE 
composites can be justified on the grounds of increased surface roughness. The data 
presented in Figure 64, see section 9.3, demonstrated that a substantial loss in 
electrolyte conductivity occurred with as little as 30g/1 PTFE in the bath. For this 
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reason, and cost (PTFE is an expensive material), all remaining Codeposition trials 
with zinc were conducted at a bath concentration of 30g/1 PTFE. 
9.6.1.1 Fit Of Langmuir Adsorption Isotherm To Data 
Due to similarities in the trends for percentage PTFE codeposition with varying bath 
concentration to those of other composite coating systems, it was decided to attempt 
to fit a Langmuir adsorption isotherm to the data obtained. 
The Langmuir isotherm is the simplest type used to describe adsorption of species 
onto surfaces. It is based on the assumption that each adsorption site is equal, and the 
ability of a species to bind there is independent of whether or not neighbouring sites 
are occupied. Surface coverage increases with increasing concentration, only 
approaching unity at very high concentrations[1201 
The Langmuir adsorption isotherm, in its simplest form, can be described by eqn. 28, 
where d represents the volume fraction of surface coverage, k* is the intensity of 
adsorbate-cathode interaction and cr is the adsorbate concentration in the bulk of 
solution. 
k*Cp 
1+k`CP 
(eqn. 28) 
However, in his model for the electrolytic codeposition of particles with metal, 
GUGLIELMIE1171 added an extra term onto the end of this equation to account for the 
reduced surface area available for adsorption due to previously adsorbed species (t. 
This modified equation is given in section 2.6.1, but is reproduced here for 
convenience: 
k `CP 
6 1+k; CP 
(eqn. 29) 
Initially, a test of the Langmuir adsorption isotherm was carried out, Figure 78, 
whereby bath concentration divided by volume fraction of codeposited PTFE was 
plotted against bath concentration. Note that volume fraction of PTFE (V) was used, 
not volume percent! 
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Re-arranging eqn. 28 gives: 
6'+6'k*C,, ý =k`C, (eqn. 30) 
Volume fraction measured (V) if a, = then substituting into Volume fraction required for total surface coverage (Vc, ) 
eqn. 30 gives: 
+- kCp°° ký'Cp (eqn. 31) 
And final re-arranging of eqn. 31 gives: 
-c a+ 
C° 
(eqn. 32) 
V k*Vý Vm 
Therefore, plotting C. N against Cl, - should give a straight line of slope = I/V- and 
intercept = I/(k* V-). 
As can be seen, the data follows a straight-line relationship, suggesting that a 
Langmuir isotherm should give a good fit to the data presented in Figure 77. 
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Figure 78, Test of the Langmuir adsorption isotherm. 
In order to determine the factor k*, a value for V- must be found. This is achieved by 
taking the inverse of the slope for each of the lines represented in Figure 78. Once this 
has been done, k* can be worked out using eqn. 33. 
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k*=i (eqn. 33) 
V, x int ercept 
The values of k* calculated from the lines plotted in Figure 78 are as follows: for a 
current density of l. 4A/dm2 , 
k* = 0.04195; while for a current density of 3A/dm2, k* = 
0.04213. As can be seen these values are very close. This is because the same 
temperature was used for both of these analyses. Temperature is known to effect 
values of k*, hence the reason for calling them isotherms ý`0ý 
Figure 79 shows the fit of the modified Langmuir adsorption isotherm, as described 
by GUGLIELM I11171(egn. 29), to the data presented in Figure 77. 
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Figure 79, Effect of varying bath PTFE concentration on volume fraction PTFE 
codeposited with zinc - fit of Langmuir absorption isotherm to data. 
As can be seen, the adsorption isotherm appears to describe the data reasonably well. 
This suggests that Guglielmi's model, presented in section 2.6.1 of the literature 
review, should fit this composite coating system quite well on account of it being 
loosely based around the Langmuir adsorption isotherm. However, there was 
insufficient data available to carry out a fit to this model. 
9.6.2 Effect Of Varying Current Density And Agitation 
Since bath agitation was not required to hold the particles in suspension, different 
rates could be investigated with regard to their affects on deposit quality and particle 
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incorporation rates. Therefore, the rates of vibratory agitation utilised were different 
from those used previously for the alkaline electrolytes, as outlined in Table 20. 
Agitation 
rate 
Vibromixer 
voltage (V) 
Approximate displacement 
of the mixing plate (mm) 
Mild 110 0.041 
Medium 140 0.053 
Vigorous 220 0.115 
Table 20, Vibromixer agitation rates (after KALANTARY11491 ). 
A number of composite coatings were produced whereby agitation rate and current 
density were controlled. Gravimetric analysis of these coatings, as shown in Figure 
80, revealed that agitation type and rate had little effect on the amount of PTFE 
incorporation, especially when experimental error is taken into account (stated on the 
chart). This may have been due to laminar flow conditions in solution, whereby 
increased agitation does not result in significant increases in codeposition, as 
described by CELIS et alt70911 
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Figure 80, Volume percentage of PTFE codeposited with zinc. 
The rather low value found at a current density of 0.625A/dm2 for a quiescent solution 
was believed to be an anomalous result, since it did not appear to fit with the trend 
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observed for higher current densities and was considerably lower than samples 
produced at the same current density under influence of solution agitation. 
It was found possible to deposit coatings having a good visual appearance at current 
densities of up to 5A/dm2. Values above this resulted in coatings of increasingly poor 
quality, appearing `burnt' and powdery. This was due to reaching the mass transport 
limit of the bath. However, it was possible to extend this upper usable current density 
to 1OA/dm2 by applying maximum vibratory agitation to the cell, effectively 
increasing forced convection of zinc ions to the cathode surface. 
Current density appeared to have a greater influence upon the amount of PTFE being 
codeposited, whereby PTFE inclusion increased as current density was raised. This is 
believed to occur as a result of elevated overpotential, since increases in current 
density generally result in higher overpotential for metal deposition. Therefore, if the 
overpotential is increased, then so is the electrical field set up within the solution, 
which in-turn could lead to a higher rate of electrophoretic migration of the PTFE 
particles, and more codeposition with the metal. A secondary, and yet synergistic 
effect, which raising the current density has, is that metal ions are used up much more 
rapidly in the diffusion layer. This reduction of ions may give rise to two possible 
effects, a reduction in solution viscosity, and/or increase of the PTFE zeta potential. If 
solution viscosity is reduced in the diffusion layer, there would be a reduction in 
viscous drag experienced by the PTFE particles, allowing them to move more freely. 
Zeta potential is inversely related to the ionic concentration of a solution, therefore, if 
ions are being used more rapidly, then it follows that the zeta potential could be 
increased, giving rise to increased electrophoretic migration. However, these effects 
could only take place in the diffusion layer immediately next to the cathode. Since the 
majority of forces experienced by the PTFE particles would be in the bulk of solution, 
it is believed that overpotential has the greatest influence on PTFE deposition rates. 
SAKSIN et a11661 found the opposite to occur, whereby codeposition was reduced at 
increased current density. However, bath conditions were considerably different to 
those used in this work, since particle size and content in the bath were larger, and 
non-fluorinated surfactants were used. There is evidence in the literature to support 
the fact that alteration of any of these parameters can vary particle codeposition rates, 
possibly accounting for the opposing trends. 
162 
Results And Discussion - Zinc/PTFE Composite Deposition M. Simmons 
9.6.3 Thickness Variation Across Panels 
The thickness variation of `typical' samples was measured at various positions on the 
panels, as summarised in Table 21 below. 
Position Thickness (µm) Positions of data points measured 
1 6.4 7.8 1.2 7.2 
2 6.5 6.7 10.3 4.8 
3 5.4 9.3 42.3 8.3 
4 6.9 8.3 21.7 8.7 
5 6.2 6.5 21.0 4.9 
6 6.6 7.3 22.2 8.7 
}. 
a'k8dtt 
material 
7 7.5 7.7 11.1 10.3 
8 7.7 6.3 5.3 9.1 10 2+ +" '0 
9 6.6 9.4 17.0 10.4 
10 18.0 24.3 30.7 15.7 40 
11 13.7 15.0 50.0 21.3 
12 13.3 17.7 27.7 30.0 80 13 11.7 12.0 27.6 28.3 
Average 9.0 10.6 22.2 12.9 
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Table 21, Typical thickness variations (µm) across panels with 8µm nominal 
thickness coatings. 
From this data, it can be seen that conventional zinc deposits formed from a sulfate 
electrolyte tended to have a reasonably uniform thickness distribution across the 
panel, except for the corner points, which favoured thicker coating deposition. This is 
due to localised regions of high current density at the panel corners. Such effects are 
typical of electrodeposits formed from solutions that do not contain levelling agents or 
other additives to improve the current density distribution across flat plates. The 
zinc/PTFE composites tended to have more varied thickness distributions at the points 
measured. This may have been caused by the presence of the PTFE particles 
exasperating the effects noted for conventional coatings. Additionally, these coatings 
were slightly thicker than those obtained from a bath without PTFE, which could be 
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due to the formation of a `white layer', as referred to by HELLE' 2 ß'`i1. Any such 
adsorbed surface layer would provide an increased film thickness measurable by the 
magnetic probe used for these investigations. 
The value for point one on the panel deposited at 0.625A/dm' appears to be a little 
low when compared to the other data obtained for this panel. Since this data was the 
result of three averaged samples, it is not an erroneous result obtained from taking just 
one sample. Therefore, it was most likely due to the current density effects noted 
above. 
9.6.4 Morphology Of Acid Zinc/PTFE Composites 
When the zinc/PTFE deposits, formed at 0.625A/din 2 and maximum vibratory 
agitation, were investigated with an electron microscope, they tended to show a 
similarly nodular surface morphology to those deposited using the alkaline electrolyte, 
see Figure 81. HOVESTAD et at1681 stated that this is typical of zinc deposited at low 
current densities from a sulfate type electrolyte. At higher magnification, Figure 82, 
two distinctly different types of crystal growth can be seen. The nodules appeared to 
be made up from a number of dendritic growths, while the remaining surface area 
appeared to consist of a random array of vertical platelets. 
Figure 81, SEM micrograph showing the nodular surface morphology of a 
Zn/PTFE composite deposited at 0.625A/dm2. 
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Figure 82, SEM micrograph of above deposit at higher magnification, showing 
types of crystal growth. 
Figure 83 demonstrates the poor surface thickness distribution found previously with 
alkaline zinc/PTFE composite coatings. This could also account for some of the 
varied results obtained from thickness measurements of these coatings. The nickel 
layer present in this cross-section was deposited in an attempt to retain the integrity of 
any `white layer' formed on the deposit surface, since HELLE19- 941 stated that it was 
possible to deposit other metals in this layer. This proved fruitless in this example, 
since no such surface film was produced, however, it offered a varying amount of 
success for coatings deposited at 5A/dm2. Figure 84 shows the poor thickness 
distribution to a more extreme extent, with the coating being in excess of 40µm thick. 
It should be noted, however, that this micrograph was taken at the edge of a sample, 
where high current density and increased metal deposition prevail. Nevertheless, what 
this does show is that the PTFE in these coatings was extremely well dispersed 
throughout the coating thickness. 
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ýý. 
Figure 83, Cross-sectional SEM micrograph of a Zn/PTFE composite deposited 
at 0.625A/dm2 showing poor thickness distribution. 
Figure 84, Cross-sectional SEM micrograph of a Zn/PTFE composite deposited 
at 0.625A/dm2 showing excellent PTFE dispersivity. 
Zinc/PTFE composites deposited at 5A/dm2 and maximum vibratory agitation also 
had a clustered nodular morphology, like those mentioned above, see Figure 85, but 
no further comparisons regarding crystal form can be made due to differences in 
magnification of the micrographs. 
vý 
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Figure 85, SEM micrograph showing the slightly nodular surface morphology of 
a Zn/PTFE composite deposited at 5A/dm2. 
These coatings appeared to have a reasonably uniform thickness and particle 
distribution when sectioned, see Figure 86. The measured thickness of 13.1µm agreed 
well with the average value previously determined by thickness probe, see Table 21. 
The `white layer' is also evident from this micrograph, appearing as a dark region 
between the zinc/PTFE composite and nickel layers on the backscattered image. This 
has become cracked down its length, indicating that the nickel post treatment did not 
offer any substantial protection to this delicate layer. HELLE et all 92-941 stated that it 
was possible to deposit a second metal within the `white layer'. However, upon 
investigation of the micrograph, it is unclear whether this is the case. On the right 
hand side of the crack, at the bottom of the backscattered image, there appears to be a 
slight lightening of the `white layer', which could be due to possible nickel 
penetration. However, if nickel was codeposited in this layer, it is believed that the 
resultant coating would be more resilient to cracking, unless the second layer was so 
rich in PTFE that its mechanical integrity became compromised. The patterns 
emanating from the crack on the nickel side were most likely staining produced by 
polishing fluid that had seeped into the crack by capillary action, only to be drawn out 
again under the vacuum required for electron microscopy. Figure 87 shows a cross- 
section through what appears to be a surface pore, filled with organic material. This 
may be the `white layer' of PTFE extending down into the pore, or debris from the 
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polishing operation. This pore might have possibly been caused by localised current 
density effects occurring at the surface irregularity present on the substrate. An 
interesting point of note is that the nickel top layer was more successful in 
maintaining the `white layer' integrity than the sample previously discussed. 
r'ý 
ý'ý: ý 
,:: 
Figure 86, Cross-sectional SEM micrograph of a Zn/PTFE composite deposited 
at 5A/dm2 showing uniform coating thickness and evidence of the `white layer'. 
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Figure 87, Cross-sectional SEM micrograph of above deposit showing coating 
pore. 
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10 Electrodeposition Of Zinc AIIoy/PTFE Composite 
Coatings 
The results presented and discussed in this section combine findings from the two 
preceding sections in attempts to produce zinc alloy/PTFE composite coatings. Zinc- 
cobalt/PTFE composites were deposited from both alkaline and acidic electrolytes, 
while only acid baths were used to deposit zinc-nickeUPTFE composites. The 
electrolytes used were derived from those detailed in section 7.1. 
10.1 Electrodeposition Of Zinc-Cobalt/PTFE Composite Coatings 
Deposited From Alkaline Electrolytes 
In these preliminary trials, a 50: 50 mixture of the alkaline DuPont TeflonT"' 30-N and 
IC[ FluonTM GP1 commercial PTFE dispersions was added to the alkaline zinc-cobalt 
electroplating bath. This mixture was added on account of its slightly improved rate of 
codeposition noted for zinc/PTFE composites, see section 9.5.2. Deposition was 
carried out with the aid of vibratory agitation, using the same conditions utilised for 
deposition of zinc/PTFE composites from alkaline electrolytes. The rates of agitation 
were detailed previously in section 9.1.3, but are repeated in Table 22 for 
convenience. 
Agitation 
rate 
Vibromixer 
voltage (V) 
Approximate displacement 
of the mixing plate (mm) 
Mild 150 0.056 
Medium 180 0.080 
Vigorous 220 0.115 
Table 22, Vibromixer agitation rates (after KALANTARY1'491). 
10.1.1 Composites Deposited From A Low Cobalt Content Electrolyte 
Initially, 30g/1 of PTFE (equivalent dry weight) was added to the low cobalt content 
electrolytes (0.15g/1 cobalt metal concentration) and deposition carried out with the 
aid of vibratory agitation. The volume percentage of PTFE codeposited is given in 
Table 23. However, due to the exceptionally low cobalt concentration in this 
electrolyte, and hence low cobalt content of the deposits (see section 8.1.1.1), another 
electrolyte was made up containing an increased cobalt concentration. 
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Current Percent Agitation density PTFE 
rate (A/dm) (vol. %) 
0.5 4.08 
Mild 1.0 4.08 
1.5 6.86 
0.5 3.67 
Medium 1.0 1.92 
1.5 1.73 
0.5 1.71 
Vigorous 1.0 2.43 
1.5 2.05 
Table 23, Effects of vibratory agitation on percentage PTFE codeposited from an 
alkaline electrolyte containing 30g/1 PTFE particles. 
10.1.2 Composites Deposited From A High Cobalt Content Electrolyte 
The equivalent of 30g/l PTFE was added to an alkaline zinc-cobalt solution 
(containing 0.75g/1 Co metal), in the form of the 50: 50 mixture as described above. 
Current densities were selected to give deposits having a good visual appearance. The 
percentages of PTFE and cobalt present in these coatings are given in Table 24. 
Current Percent Percent Agitation 
densi y cobalt PTFE rate 
t 
(A/dm (wt. %) (vol. %) 
0.5 0.29 0.82 
Mild 6.0 1.62 1.87 
10.0 1.25 1.73 
0.5 0.45 1.84 
Medium 6.0 1.51 0.95 
10.0 1.22 0.99 
0.5 0.50 1.96 
Vigorous 6.0 1.53 1.46 
10.0 1.15 1.64 
Table 24, Effects of vibratory agitation on percentage cobalt and percentage 
PTFE codeposited from an alkaline electrolyte containing 30g/l PTFE particles. 
As can be seen, the percentages of codeposited PTFE were rather low, and when 
operated at the higher current densities, foaming was noted on the bath surface. This 
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foam eventually broke down leaving a PTFE film on the surface, which could not be 
re-dispersed, even when vigorously agitated. 
A new composite electroplating bath was made up with the same concentration of 
cobalt in solution, but this time the equivalent of 60g/1 PTFE was added in an attempt 
to produce coatings containing increased levels of PTFE. The results of these 
continued trials can be found in Table 25. 
Current Percent Agitation density PTFE 
rate (A/dm (vol. %) 
0.5 0.48 
Mild 1.0 0.48 
1.5 0.96 
0.5 0.74 
Medium 1.0 0.72 
1.5 1.04 
0.5 1.05 
Vigorous 1.0 0.90 
1.5 1.06 
Table 25, Effects of vibratory agitation on percentage PTFE codeposited from an 
alkaline electrolyte containing 60g11 PTFE particles. 
Lower current densities had to be used this time in order to obtain samples having 
good visual appearance. This can be attributed to the reduction in bath conductivity 
with an increased bath loading of PTFE, as outlined in section 9.3. Again, some 
foaming of the solution was found, but was monitored to ensure that it did not become 
a problem. 
Upon comparison of the data presented above with that obtained for zinc/PTFE 
composites deposited using similar conditions (see 50: 50 mix data in Table 19), it can 
be seen that there is a significant difference in the amount of codeposited PTFE 
present in these coatings. The reasons for this behaviour are not fully apparent, but 
there are a number of possibilities that could explain these findings. Initial thoughts 
were that the viscosity of the zinc-cobalt electrolyte had been increased due to 
additions of cobalt salts and triethanolamine, in comparison to the simple alkaline zinc 
bath. This could have the effect of hindering mobility of the PTFE particles in 
solution. Another possible explanation is that these species present in the electrolyte 
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(cobalt ions and triethanolamine) became adsorbed onto the PTFE particles, altering 
their zeta potential. Localised pH changes in the diffusion layer may also have a 
similar effectE. If the zeta potential was altered sufficiently, then the particles could l6'1 
coagulate, which would lead to a decrease in their mobility within the electrolyte. 
The solution foaming noted above could be a function of solution conductivity. With 
low conductivity, there would be increased resistance to the flow of electrical current 
through the electrolyte. This would most probably manifest itself as a rise in solution 
temperature. This may not necessarily be a bulk effect, but merely constrained to the 
boundary layer. A rise in cathode temperature was noted which would indicate that 
the above hypothesis could be true. If this heating was sufficiently high, the 
temperature could rise to a value above that of dispersion stability, i. e. 50°C. Any 
temperature above this and the dispersions coagulate irreversibly, at which point the 
coagulated particles would float to the top of the electrolyte on account of their 
[tss hydrophobicity-t6oý 
10.1.3 Viscosity Measurements Of Alkaline Electrolytes 
The percentage of PTFE codeposited with a zinc-cobalt alloy was significantly less 
than that codeposited with zinc. As mentioned above, one possible explanation for 
this is that differences in solution viscosity may hinder mobility of the particles in the 
electrolyte. Therefore, solution viscosity was measured for these two electrolytes 
using a U-tube viscometer. The PTFE particles were allowed time to settle and the 
electrolyte decanted off. This was necessary to prevent blocking the narrow section of 
the viscometer. The results of these tests are given in Table 26. 
Viscometer Solution tested 
Temperature Kinematic viscosity 
gauge (°C) (mm2/sec) 
De-ionised water 21 0.99 
Alkaline zinc 20 1.79 0 electrolyte 
Alkaline zinc- 21 1 86 
cobalt electrolyte . 
Table 26, Kinematic viscosity of alkaline electrolytes. 
As can be seen, the solution viscosity for both the zinc and zinc-cobalt electrolytes 
was similar. Therefore, there would be no appreciable differences in any viscous 
damping which the PTFE particles may experience, as initially thought. From this 
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work, it appears that the specific adsorption of other species from solution onto the 
particles could be the cause of these differences. 
10.2 Selection Of A More Suitable Stripping Solution 
When using the 10% hydrochloric acid solution described in section 9.2 to dissolve 
the zinc-cobalt/PTFE composites produced from alkaline electrolytes, a black smut 
formed on the substrate. It is possible that some of the PTFE particles might have 
been retained in this smut during the stripping process required for gravimetric 
analysis, leading to erroneous results. An alternative stripping solution was obviously 
needed to overcome this problem, so various other stripping solutions were 
investigated as outlined in Table 27 below. 
Solution Observations 
1 10% Sulfuric acid 
Very vigorous. Left black smut on steel 
substrate. 
2 5% Sulfuric acid As above, but less vigorous. 
3 Glacial Acetic acid Very slow dissolution. 
4 50% Nitric acid/10% Hydrochloric acid Very vigorous, attacked steel substrate. 
5 50% Nitric acid/10% Sulfuric acid Very vigorous, attacked steel substrate. 
6 Solution 4, but diluted with 2 parts water As above, but less vigorous. 
7 5% Sulfuric acid + lmUl Nitric acid 
Controllable dissolution, with no smut 
present on the steel substrate. 
Table 27, Observations made while investigating different stripping solutions. 
The first two solutions both left a black smut on the substrate, but solution two tended 
to give more controllable dissolution rates. Glacial acetic acid, solution three, was too 
slow to be of any real benefit, while solutions four, five and six were too aggressive, 
leading to significant attack of the underlying steel. This made it difficult to adjust the 
pH for filtration of the resultant solution due to the formation of a grey/green or 
orange/brown precipitate. The weak sulfuric acid solution containing small additions 
of nitric acid, similar to that used by FINK AND PRINCE [341, appeared to offer a 
good balance of rapid but controllable coating dissolution without the production of a 
black smut. 
Solution number seven was then selected for continued investigation. A representative 
sample of a conventional zinc-cobalt alloy coating was dissolved using this solution, 
and a membrane filter immersed into the resultant solution after adjustment of the pH 
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to between 2.5 and 3. The filter was then removed, dried and re-weighed after set time 
intervals. This was necessary, in order to determine whether any weight changes 
occurred as a result of immersion into the acid solution without any PTFE being 
present in solution. A micro-balance was used to weigh the membrane filters so that 
extremely small changes in weight could be noted. A similar test was carried out for a 
dissolved zinc-nickel alloy. The results of both tests can be found in Table 28. 
Coating Adjusted Filter weight (g) 
dissolved pH Initial After Ihr After 2hr 
Zinc-cobalt 2.9 0.19613 0.19632 0.19631 
Zinc-nickel 2.9 0.20100 0.20100 0.20100 
Table 28, Filter stability in stripping solutions. 
From this data, it appeared that the membrane filters were stable in these solutions, 
demonstrating negligible weight change. Therefore, solution 7 was selected for use in 
removing all further zinc alloy/PTFE composite coatings from their steel substrates. 
10.3 Electrodeposition Of Zinc Alloy/PTFE Composite Coatings 
Deposited From Acid Electrolytes 
After the low rates of PTFE codeposition noted previously for zinc-cobalt/PTFE 
composites deposited from alkaline electrolytes, it was decided to investigate acidic 
systems utilising the PTFE dispersions supplied by Southrace (Ltd). Composites of 
both zinc-cobalt/PTFE and zinc-nickel/PTFE were investigated in this work. 
10.3.1 Selection Of A Suitable Acidic PTFE Dispersion 
In association with the work discussed in section 9.5.1, a suitable PTFE dispersion 
was selected from the range of dispersions supplied by Southrace (Ltd) for evaluation. 
Any dispersion used would have to demonstrate a stable suspension of the PTFE 
particles in the electrolytes proposed for use. Therefore, trials were conducted to 
determine the stability of these dispersions in the two simple acidic sulfate zinc alloy 
electroplating baths (solutions four and six). As with the work previously described 
for the stability of these dispersions- in an acid zinc electrolyte (see section 9.5.1), no 
rapid sedimentation was found, indicating excellent dispersion stability in both of the 
electroplating baths. After 26 hours settling time, three of the four dispersions 
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demonstrated excellent stability, although some sedimentation had occurred, as shown 
in Table 29. 
Zinc-cobalt Zinc-nickel 
Dispersion % % Notes 
sedimentation 
Notes 
sedimentation 
PTFE 
10/30 Flocculated 100.0 Flocculated 100.0 
PTFE Stable Reasonably 
23/15 dispersion 4.4 stable 6.5 
dispersion 
PTFE Stable Reasonably 
30/10 dispersion 4.6 stable 13.0 dispersion 
PTFE Stable Reasonably 
28/10 dispersion 9.1 stable 6.5 dispersion 
Table 29, Percentage sedimentation after 26 hours settling time. 
As can be seen from this data, the PTFE 23/15 dispersion appeared to offer the best 
stability, with the lowest percentage of sedimentation, and was selected for continued 
investigation. However, care must be taken in interpreting these results since the 
method used to determine the degree of sedimentation was rather approximate and 
open to errors, although these errors were minimised by taking the average of several 
results. The 10/30 dispersion flocculated almost immediately upon its addition to the 
electrolytes. No such findings were noted when added to a conventional acid zinc 
electrolyte. The reason for this could be due to the presence of additional metal ions in 
solution adsorbing onto the PTFE, altering the zeta potential of these particles [1671. If 
the zeta potential became negatively displaced by a significant amount, then these 
particles might reach their isoelectric point more readily, thus being more prone to 
flocculation and coagulation. The fact that these dispersions did not contain very high 
concentrations of cationic surfactants would make the phenomenon described above 
more readily achievable, since the zeta potential of particles in these dispersions 
would not be as high as those of the other dispersions containing increased levels of 
the cationic surfactants. 
As found with the acid zinc/PTFE electrolytes, bath agitation was not required to hold 
the PTFE particles in suspension. This allowed a wider range of vibratory agitation 
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rates to be investigated with regard to their affects on deposit quality and particle 
incorporation. Therefore, the rates of vibratory agitation utilised for the continued 
studies into zinc alloy/PTFE composite deposition were different from those used 
previously for the alkaline zinc alloy electrolytes, as outlined in Table 20. 
Agitation 
rate 
Vibromixer 
voltage (V) 
Approximate displacement 
of the mixing plate (mm) 
Mild 110 0.041 
Medium 140 0.053 
Vigorous 220 0.115 
Table 30, Vibromixer agitation rates (after KALANTARY11491). 
10.3.2 Zinc-Cobalt/PTFE Composite Deposition 
Codeposition trials were conducted using an acid sulfate zinc-cobalt electroplating 
bath (solution four detailed in section 7.1.2), as described by YAN et ul"441, 
containing PTFE particles at a concentration of 30g/l. This PTFE concentration was 
selected after work discussed in section 9.6.1, in order to enable direct comparison of 
the data obtained for zinc/PTFE composites deposited from acidic baths. 
10.3.2.1 Effect Of Varying Current Density And Agitation 
A number of zinc-cobaltJPTFE composite coatings were produced, whereby agitation 
type and rate were varied, along with current density. Data from gravimetric analysis 
carried out on these coatings is shown in Figure 88. 
Similar to the work on zinc/PTFE composite deposition from acid electrolytes, current 
density had the greatest influence on the PTFE content of these coatings. However, 
the effect was more pronounced for this system. Agitation type and rate also had a 
slightly increased effect in comparison to the zinc/PTFE work, particularly at the 
higher rates. Another similarity with the zinc/PTFE work is that it was possible to 
deposit coatings having a good visual appearance at current densities of up to 5A/dm2. 
The use of current densities above this value resulted in increasingly poor quality 
coatings, presumably due to mass transport limitations of the electrolyte. Higher 
agitation rates allowed coatings with a good visual appearance to be produced at 
current densities of up to 1OA/dm2. See section 10.3.4.1 for a more general discussion 
of this data. 
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Figure 88, Volume percentage of PTFE codeposited with zinc-cobalt alloy. 
As can be seen from the photographs shown in Figure 89, additions of PTFE to the 
electrolyte reduced the usable current density range due to the onset of `burning' at 
the panel edges. This was considered to be caused by the reduction in conductivity as 
noted for additions of PTFE to an alkaline zinc bath. It will also be noted that there 
was some streaking of the conventional coatings deposited at higher current densities. 
This is believed to have been caused by severe hydrogen evolution. 
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Figure 89, Appearance of zinc-cobalt and zinc-cobalt/PTFE composite coatings. 
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10.3.2.2 Alloy Composition Of Zinc-Cobalt/PTFE Composite Coatings 
The alloy composition of zinc-cobalt/PTFE composites deposited under maximum 
vibratory agitation was evaluated with respect to current density, with the results 
obtained shown in Figure 90. Data for conventional zinc-cobalt alloys, deposited 
under the same conditions, is also included for direct comparison. Additionally, the 
cathode current efficiency for these deposits is plotted. 
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Figure 90, Cobalt content of zinc-cobalt and zinc-cobalt/PTFE electrodeposits. 
As can be seen from Figure 90, electrodeposition of zinc-cobalt/PTFE composites 
demonstrated anomalous type behaviour as discussed previously in section 8.3 for 
conventional zinc alloy deposits. However, the presence of PTFE in the electrolytes 
appears to have sharpened the transition from normal to anomalous deposition. This 
will be discussed further in section 10.3.4.2. 
Cathode current efficiency appeared to be notably higher for the composite coatings. 
This was most likely due to codeposition of the PTFE particles, which in turn would 
add additional mass to the deposits. However, surfactants added to the PTFE, in order 
to keep it dispersed in solution, may also have had a synergistic effect on the metal 
deposition reaction, achieved through increased wetting of the cathode. This increased 
wetting may reduce the diffusion layer thickness, making it easier for metal ions to be 
transported to the electrode surface. Alternatively, it might allow the metal cations to 
adsorb onto the cathode surface more easily. 
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10.3.2.3 Thickness Variation Across Panels 
The thickness variation of `typical' coated panels was measured at various positions 
on the panels, as summarised in Table 21 below. 
Position Thickness (gm) Positions of data points measured 
1 7.2 6.0 12.3 8.8 
2 3.2 3.0 6.7 7.8 
3 7.0 4.9 9.9 9.2 
4 7.3 5.7 10.8 9.3 
5 5.4 4.4 6.8 7.6 
6 7.0 5.8 9.5 8.3 BIanked-off 
7 9.5 5.7 13.7 14.0 
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Table 31, Typical thickness variations (µm) across panels with 8µm nominal 
thickness coatings. 
From this data, it can be seen that both conventional zinc-cobalt and composite zinc- 
cobalt/PTFE deposits tended to have a reasonably uniform thickness distribution 
across the panel, except for the corner points, which favoured thicker coating 
deposition. This is due to regions of localised high current density at the panel 
corners. As found with the zinc/PTFE deposits previously discussed, the coatings 
containing PTFE were slightly thicker than those containing none. In section 9.6.3, 
this was attributed to the presence of an adsorbed PTFE `white layer'. 
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10.3.2.4 Morphology 
Samples of the zinc-cobalt/PTFE composites produced from the acid electrolyte were 
investigated in the scanning electron microscope. Similar to the work carried out on 
zinc/PTFE composites, a nickel layer was electrodeposited over these coatings prior 
to edge mounting, in an attempt to retain the integrity of any `white layer' formed on 
the deposit surface. 
The micrograph shown in Figure 91 shows the surface morphology of a zinc- 
cobalt/PTFE composite deposited at 0.625A/dm2 using maximum vibratory agitation. 
As can be seen, this deposit demonstrated a dendritic type morphology similar to that 
observed in nodular growths present in zinc/PTFE composites deposited under the 
same conditions (see Figure 82). These dendrites appear to be made up from a number 
of fine platelets, which were also observed in the zinc/PTFE composite noted above. 
The rather bright appearance of this micrograph could be caused by a `white layer' of 
PTFE present on the surface 192 `141, since organic materials tend to `charge-up', 
appearing to glow, when studied using a scanning electron microscope. 
Figure 91, SEM micrograph showing the surface morphology of a Zn-Co/PTFE 
composite deposited at 0.625A/dm2. 
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Figure 92 shows a cross-section of the coating deposited at 0.625A/dm2 . It can be 
noted from this micrograph, particularly in the backscattered image (right hand side), 
that the PTFE particle distribution in this deposit was quite poor near to the substrate. 
As the coating became thicker, the PTFE distribution improved. This may have been 
caused by anomalous deposition of the alloy matrix material, or just a chance 
occurrence, since this behaviour was not evident in Figure 93, another micrograph of 
the same sample. The bright area between the coating and mounting resin could be an 
especially thick portion of the `white layer' as described by HELLET92-94 1, or polishing 
debris trapped in the gap between the resin and metal. There is no clear evidence of 
the protective electrodeposited nickel layer in this image. The coating appears to have 
a columnar type structure at the coating surface, as particularly evident from the 
backscattered image shown in Figure 93. The protective nickel layer is more 
noticeable in this image, with some evidence of PTFE present in this second surface 
film. 
The thickness of this coating, measured from the cross-section, agreed well with the 
Figure 92, Cross-sectional SEM micrograph of a Zn-Co/PTFE composite 
deposited at 0.625A/dm2 showing poor particle distribution. 
182 
data determined previously by magnetic thickness probe, see Table 21. 
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deposited at 0.625A/dm2 showing columnar crystal growth at the coating surface. 
The surface morphology of a zinc-cobalt/PTFE composite deposited at 5A/dm2 using 
vibratory agitation is shown in Figure 94. This coating demonstrated a more refined 
morphology than that noted previously for a deposit formed at 0.625A/dm2 . 
Additionally, the structure appeared to consist of nodules as opposed to dendrites. 
Three craters, of approximately 15-20µm diameter, are also evident in this image. 
These may have been formed due to the presence of hydrogen bubbles resting on the 
surface during electrolysis, and the coating growing around them. 
Figure 94, SEM micrograph showing the surface morphology of a Zn-Co/PTFE 
composite deposited at 5A/dm2. 
183 
Results And Discussion - Zinc Alloy/PTFE Composite Deposition M. Simmons 
A cross-section of this coating is shown in Figure 95. The large dark patches visible in 
both the secondary electron (left-hand side) and backscattered images suggest that 
PTFE is present in this coating in the form of agglomerates. This may have been 
caused by a pH rise in the cathodic diffusion layer sufficient to alter the PTFE 
particle's zeta potential. The change in zeta potential may have caused there to 
agglomerate upon entering this region of the electrolyte, just before their 
incorporation into the growing deposit. The electroplated nickel layer, deposited as a 
post-treatment to preserve the adsorbed PTFE `white layer' integrity, is evident on the 
left hand side of both images. This appears to have penetrated the adsorbed PTFE 
layer, as dark `specks' are visible in the nickel. However, due to the amount of PTFE 
present in this secondary nickel/PTFE layer, it appears to have become damaged 
during preparation of the edge mount sample. There is a definite demarcation between 
the primary zinc-cobalt/PTFE and secondary nickel/PTFE layers. This is more evident 
on the backscattered image as a slight change in contrast between the greys of the two 
metal matrices and size of PTFE particles is observable. 
Although the thickness of this sample, measured from the cross-section, is greater 
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Figure 95, Cross-sectional SEM micrograph of a Zn-Co/PTFE composite 
deposited at 5A/dm2. 
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than the average value measured by magnetic thickness probe, it does fall within the 
values found at the edges of coated panels. 
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10.3.3 Zinc-Nickel/PTFE Composite Deposition 
10.3.3.1 Effect Of Varying Current Density And Agitation 
Initially, zinc-nickel/PTFE composites were produced from a simple sulfate 
electrolyte as described by BALDWIN et a1['451 (solution six detailed in section 7.1.3) 
containing 30g/1 PTFE. The effects of varying bath agitation and current density for 
this electrolyte are shown in Figure 96. 
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Figure 96, Volume percentage of PTFE codeposited with zinc-nickel alloy. 
From this data, similar observations to those noted for zinc-cobalt/PTFE composites 
can be seen, since current density affects the percentage of codeposited PTFE present 
in these coatings quite significantly. There do not appear to be any notable trends 
regarding the effects of agitation type and rate upon PTFE Codeposition. As with the 
results presented previously in section 10.3.2.1, further discussion of the above data 
will be made in section 10.3.4.1, in order to prevent repetition. As found with the 
zinc-cobalt alloys, additions of PTFE to the electrolyte reduced the usable current 
density range due to `burning' of the panels at higher current densities, see Figure 97. 
However, the effect was more apparent for these coatings. See section 10.3.2.1 for 
discussion of this phenomenon. 
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Figure 97, Appearance of zinc-nickel and zinc-nickel/PTFE composite coatings. 
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10.3.3.2 Alloy Composition Of Zinc-Nickel/PTFE Composite Coatings 
Conventional zinc-nickel coatings and zinc-nickel/PTFE composites, both deposited 
using a maximum rate of vibratory agitation, were investigated in order to determine 
the amount of nickel present. The results of these tests are given in Figure 98. Cathode 
current efficiency for these deposits is also given. 
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Figure 98, Nickel content of zinc-nickel and zinc-nickel/PTFE electrodeposits. 
It appears from this data, that the presence of PTFE in the electrolyte reduced the 
nickel content of the electrodeposited coatings by approximately half. The data point 
at 5A/dm2 is believed to be an erroneous result, since it does not fit with the trend of 
other data. This could have arisen by taking the data from just one panel for each 
condition. Therefore, disregarding the data point at 5A/dm2, it appears that the curve 
plotted for zinc-nickeVPTFE falls along an almost linear trend. This suggests that the 
percentage nickel vs. current density relationship is effectively shifted into the wholly 
anomalous region when compared to conventional zinc-nickel alloy coating systems. 
Further mention on the effects of PTFE additions to the electrolyte on anomalous 
deposition can be found in section 10.3.4.2. 
As found with the zinc-cobalt/PTFE system, cathode current efficiency was increased 
in comparison to conventional coatings. To prevent repetition, refer to section 
10.3.2.2 for discussion of these findings. 
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10.3.3.3 Selection Of Another Zinc-Nickel/PTFE Electrolyte 
Poor salt-spray corrosion performance (discussed in section 11.1.2) was found with 
composites produced from the zinc-nickel/PTFE composite bath discussed above, 
presumably due to their low nickel content. Therefore, study into the possibility of 
using other zinc-nickel electrolytes to codeposit zinc-nickel/PTFE composites 
containing higher percentages of nickel in the alloy was conducted. From previous 
findings (see section 8.2.2), the simple sulfate bath with increased nickel content, and 
solutions 7 to 9 (compositions given in section 7.1.3), were selected for continued 
investigation. Initially, dispersion stability was determined for each of these 
electrolytes, the results of which are shown in Table 32. `Corroban', a commercial 
zinc-nickel system was also analysed to determine whether it offered a stable 
dispersion upon addition of PTFE. Data for the electrolytes used previously is also 
included for comparison purposes. 
Electrolyte Notes % 
sedimentation 
Zn-Ni 1 (bath 6-a) Reasonably stable dispersion 6.5 
Zn-Ni 3 (bath 6-c) Stable 4.4 
Zn-Ni 4 (bath 7) Stable 4.4 
Zn-Ni 5 (bath 8) Flocculated 100.0 
Zn-Ni 6 (bath 9) Flocculated 100.0 
`Corroban' (bath 5) Reasonably stable dispersion, but 
settled out in bottom (NOT flocculated) 
19.6 
Table 32, Dispersion characteristics of various zinc-nickel/PTFE electrolytes 
after 26 hours settling time. 
From this data it was apparent that the two chloride based electrolytes (Zn-Ni 5 and 
Zn-Ni 6) were unsuitable due to their flocculating effect on the PTFE. Deposition 
trials with `Corroban' were not attempted since the PTFE did not form a satisfactory 
stable dispersion in this electrolyte. The two sulfate based electrolytes, however, 
proved to offer excellent dispersion stability upon addition of PTFE. Therefore, these 
were selected for continued trials, in order to determine the alloy composition of 
coatings deposited over a range of current densities, see Figure 99. 
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Figure 99, Nickel content of zinc-nickeVPTFE coatings deposited from various 
electrolytes. 
lt appears, from this data, that neither of the electrolytes selected above were capable 
of giving the desired nickel content for optimum corrosion performance when PTFE 
was added into the solutions. Solution Zn-Ni 3, a modified version of the bath used by 
BALDWIN et all145j, came the closest in terms of alloy composition, but tended to 
have a very narrow range of operating current densities before inferior quality 
deposits were formed. Addition of PTFE into solution Zn-Ni 4 reduced the alloy 
composition to around that of the first bath used, and was, again, deemed unsuitable. 
An acidified version of this electrolyte tended to give extremely high nickel contents 
when deposited at a current density of 5A/dm2, indicating a possible shift in the alloy 
content vs. current density relationship described in section 8.3. In their work on 
conventional zinc-nickel alloys deposited from acid sulfate electrolytes, BALDWIN 
et all145j noted that as bath acidity was increased, the transition current density also 
increases in magnitude. This suggests that the deposit may have been formed under 
region one, or normal, conditions where increased nickel deposition occurslMZ]. 
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10.3.4 General Discussion Of Zinc AIIoy/PTFE Composite Deposition 
10.3.4.1 Effects Of Varying Current Density 
For both of the zinc alloy/PTFE coating systems, it appears that current density has 
the greatest influence, of any of the variables investigated, on the percentage PTFE 
codeposited within these coatings. Similar findings were noted with the zinc/PTFE 
composites deposited from an acid sulfate bath, whereby increasing the current 
density increased the amount of PTFE codeposited. This trend, however, was more 
pronounced for the zinc alloy/PTFE composites, see Figure 100. Additionally, these 
alloy composites did not demonstrate such high levels of codeposition for a given set 
of conditions. This was assumed to be due to the presence of nickel or cobalt ions in 
these solutions. The opposite has been reported for a system where Si02 particles 
were codeposited with a zinc-iron group alloyE168j. In this work, it was found that 
cations of iron group metals promoted the codeposition of Si02. This was caused by 
their adsorption onto the silica, giving the particles a positive surface charge. 
Increasing the concentration of these ions was said to promote codeposition further. 
The reasons for this discrepancy are unclear, but different types of particles tend to 
behave in dissimilar ways, a- and y-alumina are prime examples cited. in the literature 
(see section 2.4.3). Additionally, the particles used in this work were already at an 
artificially high zeta potential due to the fluorinated surfactants adhered to the PTFE. 
These surfactants are so strongly adsorbed onto the PTFE that they are not easily 
removed, and if they cover the entire surface, then there would not be space for 
further adsorption of other species onto these particles. 
The more dramatic current density dependency of percentage PTFE found with these 
composites is thought to be caused by the transition from normal to anomalous 
deposition associated with zinc alloys of the iron group metals. The normal to 
anomalous transition for zinc-cobalt/PTFE occurred at a current density of 
approximately 2A/dm2, which can be linked to the point at which the volume 
percentage PTFE vs. current density curve tended to flatten out. The transition current 
density of zinc-nickel/PTFE is not so easily determined, but taking the value of 
2A/dm2 again (selected from data for a conventional alloy coating), similar effects can 
be noted. Therefore, this transition is believed to have a profound effect on the rate of 
particle codeposition, since there is a relatively large pH rise in the diffusion layer due 
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to the formation of hydroxyl ions. This pH rise, or even the diffusion layer thickness, 
may be having a significant effect on the mobility of PTFE particles near the cathode 
surface. Another possibility is that overpotential could increase rapidly when the 
transition from normal to anomalous deposition occurs. Increased polarisation of the 
cathode (resulting from previously codeposited PTFE and increased hydroxide 
precipitation) could cause a significant rise in PTFE content due to greater 
electrophoretic migration. 
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Figure 100, Comparison of volume percentage PTFE codeposited with zinc and 
zinc alloys (all deposits formed using maximum vibratory agitation). 
10.3.4.2 Effects Of PTFE On Anomalous Deposition Of The Alloys 
Metal deposition still demonstrated the anomalous type behaviour associated with 
conventional zinc-cobalt and zinc-nickel alloys. The percentage alloy element found 
in the zinc-cobalt alloys did not appear to be greatly affected by the addition of PTFE 
to the electrolyte. However, the percentage of cobalt present in these coatings was 
probably too low to show any significant variations in composition. Additionally, the 
transition from normal to anomalous deposition became more apparent, as noted in 
section 10.3.2.2. This is thought to be caused by increased polarisation of the cathode. 
Increased polarisation may result from the presence of non-conducting PTFE particles 
adsorbed onto the cathode, reducing the effective area available for metal deposition. 
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Additions of PTFE to the zinc-nickel alloy baths appeared to reduce the overall nickel 
content of these coatings to a value of around half that obtained for conventional 
deposits, implying that the PTFE was somehow inhibiting the nickel deposition 
reaction. Also, for these composites, there was no obvious transition from normal to 
anomalous deposition, see section 10.3.3.2. One possible explanation for this 
phenomenon is that the presence of PTFE shifts the composition curve over to the left 
and that all of the current densities investigated actually fell in the centre of the 
anomalous region. This may be linked to the reduction in solution conductivity 
associated with additions of PTFE to electroplating baths as discussed in section 9.3. 
In 1963, BRENNER [1691 proposed the `addition agent theory' in order to describe the 
anomalous deposition of zinc alloyed with iron group metals. In this theory, 
deposition of the alloy element is said to be suppressed by an `addition agent' which 
forms on the cathode surface during electroplating. It was stated that this `addition 
agent' is only produced when the current density is sufficiently high to give a notable 
pH rise in the cathode diffusion layer. The transition from normal to anomalous 
deposition was explained by the requirement for a critical concentration of the 
`addition agent' to be present in the diffusion layer. This model was, however, 
superseded by the hydroxide suppression model for conventional systems, but it may 
offer a perfectly plausible explanation for the phenomenon of reduced alloy 
composition observed for composite coatings, particularly the zinc-nickeIPTFE 
composites. Additionally, BRENNER stated that nickel deposition is easily 
suppressed by species adsorbed onto the cathode. Therefore, it is believed that the 
PTFE is acting as one of BRENNER's `addition agents', thus retarding nickel 
deposition. A combination of this and the hydroxide suppression model, as described 
in section 8.3.1, appears to offer a reasonable explanation for the trends observed in 
the data. 
TAKAHASHI et aP681 stated that silica particles codeposited with alloys of zinc and 
an iron group metal tended to increase the percentage of alloy element present in these 
coatings. This behaviour was attributed to a phenomenon referred to as `induced 
deposition'. In `induced deposition', preferential adsorption of iron group metal 
cations onto the silica particles provided sufficient surface charge for these particles to 
be attracted to the cathode. When at the cathode, these particles agglomerate due to 
increased pH. The agglomerated particles were then said to suppress the formation of 
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Zn(OH)2 by blocking the diffusion of zinc ions to the cathode, allowing preferential 
deposition of the alloying element. This is in contrast to the present findings noted for 
zinc-cobalt and zinc-nickel alloys containing PTFE. One reason for this discrepancy is 
that H+ ions could become adsorbed onto the PTFE, as found with the particles of 
other composite electroplating systems 161,62,70,74,751 If this occurs in the metaUPTFE 
systems studied, then the PTFE may have caused an excess of OH- ions to be present 
in solution. This excess of hydroxyl ions could then cause increased levels of zinc 
hydroxide to form on the cathode, exasperating the effects described for alloy 
deposition by the hydroxide suppression model. YEH AND WAN[611 in their work on 
nickel/SiC, deposited from a watts type bath, stated that the silicon carbide particles 
prevented the release of OH- ions, formed as a direct result of hydrogen evolution, 
into the bulk of solution. Again, this could further exasperate the effects of the 
hydroxide suppression model because of increased levels of zinc hydroxide formation. 
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11 Evaluation Of Corrosion Performance 
The general corrosion performance of several coating systems was investigated using 
neutral salt-spray tests to ASTM B117 and linear polarisation resistance 
measurements. Zero resistance ammetry and weight change measurements were used 
to evaluate the galvanic interactions occurring between these and aerospace grade 
aluminium alloys. 
11.1 Neutral Salt-Spray Test Performance 
11.1.1 Conventional Coatings 
A breakdown of the average salt-spray test results for a number of the conventional 
coatings discussed in preceding sections is given in Table 33 overleaf. The data 
shown is for coatings having a nominal thickness of 8µm, while the coating 
composition was that taken from analysis of flat panel samples presented in earlier 
sections. The data detailed in Table 33 is not particularly easy to visualise, so to 
simplify direct comparison of the results they are presented as a bar chart in Figure 
101. 
Cadmium - From this data, the first conclusion which can be drawn is that none of 
the coatings performed as well as electrodeposited cadmium. Previous work by 
BALDWIN AND SMITH [231 stated that the excellent performance of cadmium in salt- 
spray tests could be attributed to its good barrier properties, since these tend to assume 
dominance over the sacrificial properties in this type of environment. This coating 
even proved capable of times to 5% white corrosion in excess of those to 5% red 
corrosion for some of the other coatings. Since none of the coatings tested were 
scribed, coating porosity was relied upon to give times to red corrosion product 
formation that were indicative of their sacrificial properties towards the steel substrate 
(i. e. the coatings perforated in spots). The cadmium deposits were obtained from a 
commercial electroplating shop licensed to deposit the metal, so they were less porous 
than the other coatings tested. Consequently they would not perforate so easily and 
would have offered far greater barrier protection, hence their extremely long times to 
red corrosion formation. The corrosion products that formed on cadmium during salt- 
spray exposure were white like those of zinc, but far less voluminous. This is one of 
the properties that makes cadmium so attractive as a coating for threaded fasteners, 
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since the low volume corrosion product does not cause the threads to become seized, 
allowing easy removal, even after long service periods. During the oxidation of 
cadmium in acid or neutral solutions, colourless cadmous (Cd 2+) ions are said to form, 
which are converted to white cadmium hydroxide (Cd(OH)2) on increasing the 
pHj . 
Cadmium oxide is unlikely to have formed, since it is unstable in water. This 1701 
is by no means an exhaustive description of the corrosion products that may form on 
cadmium, since chlorides were present in the test solution. These could interact with 
the surface to form other species such as chlorides or hydroxychlorides of cadmium. 
A black colouration became evident on the test panels prior to the formation of red- 
brown iron oxide. This was thought to be the formation of the black iron oxide, 
magnetite (Fe304), prior to reverting to the more stable red-brown oxide, haematite 
(Fe203), normally associated with iron and steel corrosion. 
Coating system 
Current 
density 
(A/dm) 
Average time 
to 5% white 
corrosion (hrs) 
Average time 
to 5% red 
corrosion (hrs) 
Additional 
comments 
Alkaline Zn-(0.3wt. %)Co 1.5 22.25 95.00 0.15g/l Co 
Alkaline Zn-(0.3wt. %)Co 5.0 22.25 71.00 content bath 
Alkaline Zn-(2.4wt. %)Co 1.0 25.75 317.50 0.5g/l Co 
Alkaline Zn-(1.5wt. %)Co 5.0 25.75 146.00 content bath 
Alkaline Zn-(3.6wt. %)Co 1.0 25.75 247.83 
Alkaline Zn-(2.3wt. %)Co 5.0 25.75 256.25 
0.75g/l Co 
content bath 
Alkaline Zn-(1.3wt. %)Co 10 25.75 171.42 
Acid Zn 0.625 6.00 24.00 
Acid Zn 1.25 6.00 29.33 
Acid Zn 5.0 6.00 50.00 
Acid Zn-(2.4wt. %)Co 0.7 4.00 75.25 
Acid Zn-(0.5wt. %)Co 5.0 20.00 102.50 
Acid Zn-(0.5wt. %)Co 12.0 19.00 104.00 
Acid Zn-(6.3wt. %)Ni 1.25 17.92 210.00 
Acid Zn-(4.9wt. %)Ni 14.0 17.92 81.00 
`Corroban' Zn-(8. Owt. %)Ni 2.0 18.92 212.00 
Cadmium to Def. Stan. 03-19/1 N/A 77.83 753.75 
Table 33, Neutral salt-spray test results for conventional coatings (8µm nominal 
coating thickness). 
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Zinc - The salt-spray performance of zinc coatings was relatively poor, when 
compared to the other coating systems tested. BALDWIN AND SMITH'23' attributed 
this to the fact that zinc has poor barrier properties and is rapidly consumed in salt- 
spray type tests. This is partly due to the presence of high concentrations of dissolved 
oxygen and chloride ions and the formation of non-protective corrosion products, 
which are voluminous in nature and easily removed. These corrosion products, which 
were white in appearance, are generally considered to consist of zinc oxide (ZnO) and 
zinc hydroxides (Zn(OH)2)11 571 ; however, zinc hydroxychlorides (e. g. 
4Zn(OH)2 ZnCl2) can also form due to the presence of chloride ions in the test 
[l'11 solution. 
Zn-Co Alloys - Deposits formed from an alkaline electrolyte, containing very low 
cobalt concentrations (0.15g/1 cobalt metal), demonstrated poor salt-spray 
performance. This was due to the low cobalt content of these coatings, as determined 
in section 8.1.1.1. Deposits produced from the very high cobalt concentration (1 g/1 
cobalt metal) electrolyte were not tested on account of their poor visual appearance, 
being burnt and dendritic in nature. The zinc-cobalt alloys deposited from alkaline 
baths containing intermediate cobalt concentrations (0.5g/l & 0.75g/1) gave improved 
corrosion performance, and tended to offer superior corrosion performance to those 
deposited from an acid bath. Such a phenomenon can be found in the corrosion 
properties of commercial zinc deposits formed from acid and alkaline electrolytes. 
This may be due to variations in crystal structure/morphology of the deposits that 
could occur as a result of using different solution chemistry and pH. Times to the 
formation of a white corrosion product were comparable to those found with 
conventional zinc, so the alloying element did not appear to slow initial stages of 
corrosion. Times to 5% red corrosion of the underlying steel were greatly improved, 
with improvements of up to 6 times for alloys containing in excess of 2wt. % cobalt, 
while the time to 5% red corrosion for alloys containing approximately 1.5wt. % 
cobalt were enhanced by a factor of three to three and a half. Therefore, the cobalt 
alloying element only appears to reduce corrosion after the formation of initial 
corrosion products, hence the similarity of times to white corrosion product formation. 
This may be a function of the dezincification process, where zinc is removed from the 
deposit preferentially, leaving an alloy which becomes increasingly cobalt rich 123'30'"2' 
1751 By this mechanism, the deposit attains a more noble rest potential, and the rate of 
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corrosion is reduced. Additionally, the improved corrosion performance of alloys 
containing higher alloying element contents can be attributed to increased nobility of 
these alloys [23.3o. 
i72-17sß However, SHORT et ah301 stated that although the 
dezincification process allows the formation of an effective barrier/passive surface 
layer, if the alloy element concentration is too great, this protective layer can break 
down. 
An opposing trend was found for the zinc-cobalt alloys produced from acid 
electrolytes, whereby lower percentages of cobalt gave the best corrosion 
performance. This is believed to be due to morphological effects in this system, since 
YAN et al" 441 demonstrated that coatings deposited at lower current densities had a 
relatively open morphology and contained higher percentages of cobalt, while those 
deposited at higher current densities possessed lower cobalt contents and a smoother 
nodular structure. Because of their finer structure and closed morphology, the coatings 
deposited at higher current densities appear to offer improved barrier protection than 
those having an open morphology. These nodular type deposits were also reported to 
be microcracked in appearance, which would help to spread any corrosion over a 
greater surface area, thus slowing the overall corrosion rate as often found with 
microcracked chromium deposits. One point of note for the deposits formed from acid 
electrolytes, is that they all exhibited colour changes during salt-spray exposure. 
Coatings deposited at low current densities (0.7A/dm2) initially turned a pale olive 
green colour with black streaks before forming red/brown corrosion products. After 
the formation of this red/brown corrosion product, which has been attributed to iron 
oxide formation where the coating had become perforated, a pale blue colouration was 
also noticed. For the panels deposited at higher current densities (5-12A/dm2) the 
initial pale olive green colouring was apparent, but there were no black areas. Next, 
grey areas developed, which at a later stage of degradation appeared to accumulate the 
greatest amount of white corrosion before finally developing a red/brown corrosion 
product. It is believed that each of these colourations, except for red/brown, were due 
to the formation of different corrosion products on the alloy surface, or were different 
oxidation states which the cobalt and/or zinc pass through during their degradation. If 
this is the case, these colourations could prove useful in predicting the remaining 
useful life of coated components. After inspection of the Pourbaix atlas of chemical 
1761 equilibria with respect to cobalt metal , it was assumed that the colourations could, 
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indeed, be caused by the formation of different oxidative species. However, some 
verification by means of EDX or X-ray diffraction techniques could have provided 
further evidence to support this theory. It is believed that the pale olive green (grey- 
green) colouration may have been due to the formation of cobaltous oxide (CoO). 
However, this is said to readily absorb oxygen to give cobalto-cobaltic oxide (Co304), 
which is grey-black in colour. Finally, the pale blue colouration could be attributed to 
a hydrated form of cobaltous oxide (COOhydatcd), but since cobaltous hydroxide 
(Co(OH)2) is more stable than CoO in air, it seems more likely that the blue 
colourations may have been due to cobaltous hydroxide formation. This hydroxide is 
reported to form at a pH of 6.3, but re-dissolves at pH greater than 10.6 to give 
dicobaltite ions (H0002) which are also blue. As with the cadmium and zinc 
coatings, it should be noted that other species could form due to the presence of 
chlorides in the test solution. Additionally, the black colouration noted above could 
equally have been caused by the presence of magnetite on the panel surface as 
discussed for cadmium. White corrosion products, similar to those formed on zinc, 
were also evident on each of the zinc-cobalt coatings, no matter which electrolyte they 
were produced from. However, on these alloy coatings, the white corrosion was less 
voluminous in nature and more adherent as noted by BALDWIN AND SMITH1231. 
Zn-Ni Alloys - As can be seen, `Corroban' deposited at 2A/dm2 gave the best 
corrosion performance of any of the Zn-Ni alloy coatings investigated. However, the 
improvements were only slight and none of this corrosion data agrees with the 
manufacturer's data-sheet, which states a corrosion resistance in excess of 2600 hours 
according to ASTM B 117 after passivation. It should be noted, however, that none of 
the samples tested here were passivated, although it was felt that the coatings should 
have exceeded the times found. Previous work carried out by MOOREt1771 reported 
that `Corroban', deposited under optimum conditions, produced white rust after 17 
hours salt-spray exposure and 5% red rust after 337 hours. Due to these conflicting 
results, it was felt that the salt-spray data obtained did not provide a good 
representation of the actual corrosion behaviour for `Corroban', and as such the test 
was carried out again. This second test, carried out on panels produced at 2.69A/dm2 
(optimum current density from manufacturers data-sheet), yielded a similar time to 
the formation of a white corrosion product (approximately 18 hours), but 5% red rust 
was apparent after approximately 368 hours. As can be seen, these results were higher 
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than those quoted in the first data set, and slightly closer to the times quoted by Lea 
Manufacturing (Ltd) in their data sheet. From the data presented, it can be seen that 
the corrosion resistance of zinc-nickel coatings produced from a simple sulfate 
electrolyte was approximately half that of the `Corroban' deposits. This is due to the 
fact that `Corroban' is a commercial electrolyte and, as such, has been optimised to 
give coatings having improved corrosion resistance. Obviously, the simple acid 
sulfate solution has had no such optimisation. Also, electron microscopy revealed 
differences in morphology, see section 8.2.1.2, whereby `Corroban' deposits 
demonstrated a more refined nodular structure being microcracked in appearance. As 
noted above in the discussion on zinc-cobalt alloys, microcracks spread corrosion 
over a greater surface area, helping to slow the overall corrosion rate. 
Zinc-nickel alloys deposited from a simple sulfate bath at lower current densities 
demonstrated better corrosion resistance than those deposited at higher current 
densities. It was originally thought that these differences in corrosion resistance could 
be caused by variations in deposit thickness. Although thickness varied between 
coatings deposited at different current densities, this was not deemed sufficient to 
cause the differences in corrosion performance noted, as discussed in section 8.2.1.1. 
Therefore, it appears that alloy composition was the main reason for the corrosion 
behaviour observed. It is widely reported that optimum corrosion resistance occurs 
with alloys containing between lOwt. % and 15wt. % nickelt29'301, since higher nickel 
contents give coatings having improved barrier protection, but poor sacrificial 
properties. The opposite can be said for coatings having low alloy contents. From this, 
it can be concluded that corrosion performance improves as the nickel content 
increases from zero percent (i. e. pure zinc) up to alloy contents of around 15wt. % 
nickel. Therefore, coatings deposited at a low current density, containing 6.3wt. % 
nickel, offered improved performance to 5% red corrosion when compared to those 
deposited at higher current densities containing 4.9 percent nickel. As found with the 
zinc-cobalt alloy coatings produced from alkaline electrolytes, alloy composition did 
not appear to alter the time to 5% white corrosion coverage (refer to the discussion 
made for alkaline zinc-cobalt alloys for possible reasons). Also, the white corrosion 
products formed on these alloy coatings were tenaciously adherent and non- 
voluminous like those formed on the zinc-cobalt alloys. 
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11.1.2 Composite Coatings 
Neutral salt-spray tests were carried out for zinc/PTFE composite coatings deposited 
from both alkaline and acidic electrolytes, while the zinc-cobalt/PTFE and zinc- 
nickel/PTFE coatings tested were deposited from an acidic electrolyte. These coatings 
showed the most promise from results discussed in previous sections. Similar to the 
analysis carried out on conventional coating systems, each of the deposits tested were 
nominally 8µm thick, while compositional data was taken directly from analysis of 
flat panel samples presented in earlier sections. 
A breakdown of the salt-spray test results is given in Table 34 below, while a bar 
chart of the data can be found in Figure 102 for ease of comparison. 
Coating system 
Current 
density 
(A/dm) 
Average time 
to 5% white 
corrosion (hrs) 
Average time 
to 5% red 
corrosion (hrs) 
Additional 
comments 
Alkaline Zn/(4. Ovol. %)PTFE 0.5 16.50 39.92 Mild 
Alkaline Zn/(4.2vol. %)PTFE 1.0 16.50 27.25 
vibratory 
a itation 
Alkaline Zn/(6.3vol. %)PTFE 0.5 16.50 39.92 Medium 
Alkaline Zn/(3.8vol. %)PTFE 1.0 16.50 46.25 vibratory 
Alkaline Zn/(4.9vol. %)PTFE 1.5 16.50 33.58 agitation 
Alkaline Zn/(7.8vol. %)PTFE 0.5 16.50 29.08 Vigorous 
Alkaline Zn/(4.3vol. %)PTFE 1.0 16.50 33.58 vibratory 
Alkaline Zn/(3.8vol. %)PTFE 1.5 16.50 47.67 agitation 
Acid Zn/(33.1 vol. %)PTFE . 0.625 7.00 21.00 Vigorous 
Acid Zn/(34. lvol. %)PTFE 1.25 7.00 21.00 vibratory 
Acid Zn/(43.3vol. %)PTFE 5.0 7.00 21.00 agitation 
Acid Zn-(2.2wt. %)Co/ 
11.6vo1. %)PTFE 
0.625 24.00 46.00 Vigorous 
Acid Zn-(0.2wt. %)Co/ 
(34.2vol. %)PTFE 
5.0 62.00 149.50 vibratory agitation 
Acid Zn-(1.5wt. %)Ni/ 0.625 24.00 46.00 Vigorous 
Acid Zn-(5. lwt. %)Ni/ 
34.4vol. % PTFE 
5.0 24.00 46.00 vibratory agitation 
Table 34, Neutral salt-spray test results for composite coatings (8µm nominal 
coating thickness). 
201 
L/6L-£O 'ue1S'1aa 
of wrnwpe3 
(uo! leu6e tioleJq! n snao6! n) 
ZVWP/VS 
3J1d(%'IOAP'PC)/! N(%lM lP! DV 
v7 (uo! leu6e AJoleJq! n snao6! n) 
ZvWP/VSZ9 0 
331d(%'IoA L 4)/! N(%' IMS' l)-uZ P! OV 
(uogeu6e tio4eJq! n snao61n) 
ZvW P/VS 
3dld(%'IOAZ'v£)/03(%'1MZ'O)-UZ P! OV 
(uo Ieu6e tioleigln snao6ln) 
Zv up/vgZ9'o 
331d(%'IOA9" L l)/o3(%'1MZ'Z)-uZ P! °V 
(uaieu6e tioi snao61n) 
ZvWplv PMS 
3dld(%'IOAC'£4)NZ P! ov 
(u(MleU6e ÄLoiejq! n snao6! n) 
ZvuUP/115Z' l 
3dld(%'Ionl'6£)NZ P! OV 
(uo! ieu6e tioiejq! n snao61n) 
II 
ZvWPM5Z9'0 
331d(%'Ionl'£E)/UZ P! ob' 
(uo! ieg6e tioieJq! n snao61n) 
ZVWP/V9, l 
3dld(%'IOAB'£)NZ au! Ie,! IV 
(uoileu6e ti n snao6! n) 
ZvLUP/ uýP/`d l 
a- I ýI(%'IOAC y)/u7 au!! "IV 
zvWPros, L 
3dld(%"IOA8 C)NZ au! le, liv 
(uoileu6e ti n snao6! n) 
ZvLUP/ uiP/`d l 
331d(%'I0AC P)/UZ eU! Ie)! IV 
(ualeu6e tioleJgln snao6ln) 
ZvwP/V9'O 
3dld(%'IOAB'L)NZ eu! IeNIV 
» 
U 
i 
(ualel! 6e fjolejq! A wn! pew) 
ZVWPN vwPMS' L 
3dld(%'Ion6'P)NZ au! IBNIV 
(uo! leu6e tioleJgin wn! pew) 
ZvWPNL 
3dld(%'IOA9'£) NZ eu! Ie! IV 
(ualel! 6e fuoiejq! A wrnpew) 
ZVWP/VvwP/`dS'0 
3dld(%'IOAS'9)NZ au! le)! IH 
(uoileu6e tioleJq! n P!! w) 
ZvW P/V L 
331d(% IOAZ'P)NZ au! le)! IV 
(uo! lel. 6e NoleJq! n P!! w) 
ZvWPNS'O 
331d(%'Ion4)/UZ eu! IeMIV 
co C14 co IT 0 N 
N 
F 
(sjnoy) OWL 
ý, ý b: Y 
ý. 
i. 
ZVWPro9' I. 
3dld(%'IOA6'P)NZ au! IBNIV 
(uo! lep e tioleJgin wn! pew) 
ZvWPNL 
3dld(%'10A9 C) NZ au! I)IIV 
(ualel! 6e fuoiejq! A wrnpew) 
ZVWP/VvwP/`d5'0 
331d(%'IOAC'9)NZ au! Ie)IIH 
ZvWPro9z' l 
3dld(%'lonl'6£)NZ P! o`d 
(uo! leu6e Ajolejq! A snao6! n) 
II 
ZvWP/VSWPM5Z9'0 
331d(%'IOAI CE)/UZ P! ob' 
zVwPrds 
3dld(%'IOAC'£4)NZ PIov 
(u(Mgey6e tioieJgln snao6ln) 
C 
0 
y 
0 
I- 
O 
U 
ß 
N 
O 
O 
4) 
E 
I- 
c O N 
O 
O U 
Q) 
0 
0 
4) 
E 
H 
11 
r y 
CA 
CC 
CO 
E 
04 
OA 
CC 
9. 
e21 
OC 
Mw 
Ir 
cu 
Ga 
a 
N 
O 
N 
Results And Discussion - Corrosion Performance M. Simmons 
Zinc/PTFE - From the data, it can be seen that zinc/PTFE composites deposited from 
an alkaline electrolyte formed a white corrosion product more readily than 
conventional zinc deposits. One possible reason for this behaviour is that, due to the 
porous nature of these deposits, galvanic interactions may occur with the underlying 
steel substrate, forcing the coating layer to corrode sacrificially. It has already been 
discovered, in section 9.1.5, that some of these coatings are thin in places due to the 
formation of surface nodular growths. Where the coatings were very thin, any barrier 
protection would rapidly become breached, after which rapid dissolution of the 
remaining zinc would result, due to sacrificial protection of the underlying steel. 
Additionally, if the nodules were easily broken away from the surface by the 
voluminous corrosion products, then these would not be able to participate in the 
corrosion process to provide any sacrificial protection to the underlying steel. Another 
alternative is that there may have been undercutting of the deposit at codeposited 
particles. Such a situation could arise due to the hydrophobic nature of PTFE, 
whereby the codeposited particles are not easily wetted, but the zinc matrix. is. 
Because of this, the surface would not be uniformly wetted and oxygen concentration 
cells could be set up on the coating surface. This is often referred to as differential 
aeration, and is commonly outlined by way of discussing the corrosion occurring 
under a water droplet present on a metal surface. During this process, there will be a 
greater amount of oxygen available near to the edge of the droplet, and this area will 
become cathodic with respect to the centre of the droplet, which forms the anode of 
the corrosion cell[178.1791, see Figure 103. By this process, corrosion around the PTFE 
particles could be accelerated. As a direct result of the rapid zinc degradation 
discussed above, times to 5% red corrosion were, on the whole, lower than those 
found for conventional zinc deposits. A slight green/black colouration was also noted 
on some of the samples after the red/brown corrosion product had formed. This is 
believed to be due to the presence of hydrated magnetite on the surface, similar to that 
noted during the corrosion of conventional coatings. 
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H2O droplet 
Build up of corrosion product Air 
M2+ Mz+ 
1 Cathode Anode Cathode 
'ýj 
Electron flow Electron flow Metallic matrix PTFE particles 
Figure 103, Schematic of the differential aeration cell set up on composite 
coatings. 
Zinc/PTFE composites deposited from an acidic electrolyte demonstrated extremely 
poor salt-spray performance. The times to formation of white corrosion were similar 
to those obtained for conventional zinc deposits, indicating similar levels of barrier 
protection, whereas the times to 5% red corrosion coverage were significantly 
reduced. This was probably due to the PTFE particles becoming dislodged by the 
voluminous white zinc corrosion products. New material would be exposed 
representing extremely small sized pores. By this mechanism, corrosion of the zinc 
layer could proceed at an accelerated rate. The composite containing higher levels of 
PTFE demonstrated hydrophobic tendencies during early stages of salt-spray 
exposure, whereby beads of salt solution were observed resting on the panels. 
Presumably, this was due to `white layer' formation as discussed by HELLEE92-941 
From the data, this hydrophobicity did not appear to offer any significant benefits 
regarding corrosion performance. This was believed to be caused by corrosion due to 
differential aeration, as discussed previously for the alkaline deposits. Once the 
hydrophobic properties become breached in one or more places, the zinc corrosion 
product is so voluminous that it may lift the remaining `white layer' to prevent further 
protection, allowing corrosion to proceed as found with the other coatings. This could 
also be true of the coatings that did not demonstrate any hydrophobic tendencies, 
since the embedded PTFE particles might still prevent wetting, but on a much smaller 
scale, not noticeable to the naked eye. Another possibility is that the differential 
aeration may have caused the coating to become pitted. This would then mean that 
coating perforation could occur more readily due to a reduced cross-section at these 
points, upon which, galvanic interactions would predominate as the zinc sacrificially 
protects the steel substrate. One further possible explanation for this behaviour is that 
the `white layer' is porous. If this is the case, then it is conceivable that the atomised 
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salt-spray droplets might penetrate through this film to the composite zinc/PTFE lying 
below, and corrosion could occur underneath the `white layer'. 
Zn-Co/PTFE - From the data, it can be seen that the zinc-cobalt/PTFE composites 
demonstrated a similar trend to that noted for the conventional alloy deposits, 
whereby coatings deposited at a higher current density demonstrated superior 
corrosion performance. The zinc-cobaltIPTFE composites deposited at lower current 
densities offered rather significant improvements with regard to the times for 
formation of a white corrosion product over the conventional coatings. This is 
believed to be due to the presence of a PTFE `white layer' on the surface providing 
slight hydrophobic tendencies as discussed for the zinc/PTFE composites above. It 
will be noted that mention was made of only slight hydrophobic tendencies. This is 
because no visible hydrophobicity was observed. Conversely, times to the formation 
of 5% red corrosion were inferior to those of the conventional zinc-cobalt alloys. 
After scrutiny of the compositional data presented in section 10.3.2.1, it is envisaged 
that the `white layer' formed on these coatings was quite thin. If this were the case, 
then the additional barrier protection afforded by this loosely adsorbed PTFE film 
would quickly be breached, resulting in the possible rapid coating degradation caused 
by mechanisms discussed for the zinc/PTFE composites. Coatings deposited at a high 
current density, and containing high levels of codeposited PTFE, demonstrated 
visually observable hydrophobic tendencies, and as such gave significant 
improvements in the times to both 5% white and 5% red corrosion product formation. 
The reason for this is believed to be due to the `white layer' being thicker and more 
coherent than that formed on coatings deposited at lower current densities, thus 
providing better barrier protection. This hypothesis appears to hold true, since the 
improvement in corrosion performance was by 42 hours for white corrosion 
formation, and 47 hours for 5% red corrosion formation. The differences between the 
salt-spray characteristics for these coatings could also be attributed to their surface 
morphology. Composites deposited at a low current density had quite a coarse-open 
morphology, while those deposited at higher current densities possessed a more 
refined structure. This could aid the corrosion performance as discussed for the 
corrosion of conventional zinc-cobalt alloys, in section 11.1.1. It is interesting to note 
that the composite deposited at a higher current density, and containing increased 
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percentages of PTFE, offered times to the formation of white corrosion approaching 
that found for electrodeposited cadmium. 
Zn-Ni/PTFE - Neither of the zinc-nickel/PTFE composites tested performed 
particularly well in the salt-spray tests. The main reason for this is believed to be due 
to the low nickel content of these coatings as shown in section 10.3.3.2. Times to 
white corrosion formation were slightly improved over those for the conventional 
zinc-nickel alloys tested. This additional barrier protection is thought to be afforded 
by the PTFE `white layer' present on these composites. However, once this layer 
becomes breached, the alloy would not contain sufficient nickel to slow the overall 
sacrificial corrosion rate, and would be rapidly consumed, leaving the steel substrate 
unprotected. 
11.2 Linear Polarisation Tests 
SHORT et ai 301 mentioned that "although the salt-spray test is widely employed, it is 
recognised that only a limited amount of information can be obtained and 
electrochemical techniques are useful in providing supplementary data". In light of 
this, electrochemical testing in the form of linear polarisation resistance measurements 
were carried out on the coatings under investigation. This method was selected since 
it does not require a large polarisation of the surface being investigated. Techniques 
such as Tafel extrapolation require the use of a large polarisation, which may not be 
fully representative of the true corrosion behaviour occurring on a surface at open 
circuit. This is particularly true in the case of anodic polarisation, during which the 
surface may change due to corrosion and/or passivation of the metal. During cathodic 
polarisation, an excess of adsorbed hydrogen or a build up of hydroxyl ions at the 
metal/solution interface may result in alterations of the surface chemistry, so that it is 
no longer representative of the freely corroding surface[1801 
The results given in Table 35 overleaf show the average values of rest potential and 
polarisation resistance for a variety of the coatings investigated in section 11.1. This 
data is represented in bar chart form in Figure 104 and Figure 105 for ease of 
comparison. 
Polarisation resistance gives an indication of a surface's susceptibility to corrosion in 
a given environment (in this case immersion in 3.5% NaCl solution). STERN AND 
GEARYJ1811 derived the following equation relating corrosion current (icorr) to 
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polarisation resistance (Re) for a small polarisation, where ßa and 8, are the anodic 
and cathodic Tafel constants respectively. 
f a/8c 
ico.. -2.3Rp(ßa+Qc (eqn. 34) 
Coating system 
Current 
densitt 
(A/dm) 
Average 
polarisation 
resistance (S2) 
Average rest 
potential 
(mV vs. SCE) 
Additional 
comments 
Alkaline Zn-(2.3wt. %)Co 5.0 133.17 -1056 
0.75g/l Co 
content bath 
Acid Zn 0.625 199.43 -1106 
Acid Zn 1.25 94.61 -1063 
Acid Zn 5.0 122.31 -1060 
Acid Zn-(2.4wt. %)Co 0.7 206.74 -1120 
Acid Zn-(0.5wt. %)Co 5.0 103.04 -1076 
Cadmium to Def. Stan. 03-19/1 N/A 271.48 -795 
Alkaline Zn/(4. Ovol. %)PTFE 0.5 52.37 -1046 Mild 
Alkaline Zn/(4.2vol. %)PTFE 1.0 59.66 -1046 
vibratory 
agitation 
Alkaline Zn/(6.3vol. %)PTFE 0.5 38.32 -1042 Medium 
Alkaline Zn/(3.8vol. %)PTFE 1.0 41.82 -1036 vibratory 
Alkaline Zn/(4.9vol. %)PTFE 1.5 63.46 -1027 agitation 
Alkaline Zn/(7.8vol. %)PTFE 0.5 63.21 -1037 Vigorous 
Alkaline Zn/(4.3vol. %)PTFE 1.0 45.90 -1034 vibratory 
Alkaline Zn/(3.8vol. %)PTFE 1.5 44.31 -1028 agitation 
Acid Zn/(33. lvol. %)PTFE 0.625 54.46 -1050 Vigorous 
Acid Zn/(43.3vol. %)PTFE 5.0 295.85 -1035 
vibratory 
agitation 
Acid Zn-(2.2wt. %)Co/ 
(11.6vol. %)PTFE 
0.625 139.20 -1098 Vigorous 
Acid Zn-(0.2wt. %)Co/ 
(34.2vol. %)PTFE 5.0 187.30 
-1008 
vibratory 
agitation 
Table 35, Rest potential and polarisation resistance data for composite coatings 
(8µm nominal coating thickness). 
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From eqn. 34, it can be seen that the corrosion current density is inversely 
proportional to the polarisation resistance. Therefore, a high value of Rp suggests that 
a surface is less susceptible to corrosion. A good example of this in the present study 
is that of electrodeposited cadmium, which had the second highest polarisation 
resistance, indicating that it would have a slow corrosion rate. This agreed very well 
with the salt-spray test results presented in section 11.1, since the cadmium coatings 
offered excellent corrosion performance in this test. However, there is no further 
correlation between the linear polarisation resistance and salt-spray data for the other 
coating systems investigated. The reasons for this will become apparent in the 
following discussion. 
From the data presented above, conventional zinc and zinc-cobalt coatings deposited 
under the same conditions demonstrated similar values of polarisation resistance, and 
would therefore be expected to have similar corrosion rates. SHORT et a1[30' reported 
that there was little initial difference between the corrosion current density of zinc and 
zinc-cobalt alloys of varying composition, supporting these findings. However, upon 
comparison with the salt-spray test results, this appeared not to be the case, while 
BALDWIN AND SMITH [231 reported that zinc-cobalt alloys containing 0.8wt. % 
cobalt gave lower corrosion current densities. Additionally, other workers have found 
the corrosion current density for different zinc based alloys (e. g. Zn-Ni) to be lower 
than those of pure zinc deposits, with icorr decreasing as the percentage of alloying 
element is increased 123,30'172-1751 From the relationship stated above, Rp should be 
higher for the alloy coatings, becoming greater with increased alloy composition. It is 
thought that the evidence contrary to these findings is overwhelming, requiring further 
discussion. A possible explanation for this discrepancy is thought to be due to the 
dezincification process stated previously. A number of researchers investigating 
electrochemical corrosion of zinc based alloys have found that icorr decreases with 
time of exposure to the corrosive environment, as the surface becomes enriched with 
the more noble alloying element [23,30,172-1751 Therefore, due to relatively short times of 
exposure to the corrosive environment, the zinc-cobalt alloy surfaces may not have 
had sufficient time for enrichment to occur, resulting in a relatively low polarisation 
resistance, and, hence, high corrosion rate. Additionally, if the zinc-cobalt alloys were 
dual or multi-phased, they could be susceptible to localised galvanic corrosion, where 
the dissolution rate of the coating would be increased until its surface became 
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enriched with the alloy element. YAN et J'441 found a lamellar type structure in their 
work on zinc-cobalt alloys, suggesting that these coatings could, indeed, be dual 
phased. 
Polarisation resistance for each of the zinc/PTFE composites produced from alkaline 
electrolytes was considerably lower than that of the conventional zinc deposits. This 
indicates that the composite coatings were more active in the corrosive environment, 
presumably due to their nodular/porous morphology as discussed in section 9.1.5. 
Because of this morphology, there would be both anodic and cathodic sites on the 
same surface, and the zinc would corrode rapidly due to sacrificial protection of the 
underlying steel. Similar effects can be seen with both the conventional and composite 
zinc and zinc-cobalt coatings deposited at low current densities from acid electrolytes. 
The opposite was found for coatings deposited, at higher current densities from these 
electrolytes, where the presence of PTFE served to increase R. The composite 
coatings deposited at higher current densities contained greater percentages of PTFE, 
with a particularly thick `white layer' forming on their surfaces, which may have 
provided an additional barrier to corrosion. Additionally, this adsorbed PTFE film 
may have altered the polarisation behaviour on account of its non-conducting 
character. However, since the frequency domain was not explored, this latter point 
seems unlikely. The increased polarisation resistance may also originate from a 
reduction in coating porosity due to the pores becoming filled with PTFE as 
demonstrated in Figure 87 in section 9.6.4. This would have the effect of preventing 
galvanic interactions occurring between the coatings and their steel substrates. 
The values of rest potential (vs. SCE) for all of the conventional zinc and zinc based 
coatings tended to be quite similar, which is in agreement with other research for the 
range of alloy compositions investigated E23,301 Also stated in these studies was the fact 
that rest potential tended to attain a more noble value with increasing duration of 
exposure to the corrosive media because of dezincification. However, no comment 
can be made on this fact from the present studies. The presence of PTFE in the 
composite coatings did not appear to have any great influence on the values of rest 
potential measured. This indicates that it did not have any direct electrochemical 
effects on the corrosion rate, providing further evidence that any enhancements in 
corrosion performance are due, mainly, to improved barrier protection and filling of 
surface pores as previously discussed. Each of the coatings attained an average rest 
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potential of approximately -105OmV (vs. SCE), except for electrodeposited cadmium, 
whose rest potential was -795mV (vs. SCE). These values are sufficiently active so as 
to provide sacrificial protection towards steel (which has a rest potential of 
approximately -670mV (vs. SCE) 
[231 in 3.5% NaCI solution) upon breakdown of the 
coatings, and also be galvanically compatible with aluminium alloys commonly used 
in aerospace applications. 
SHORT et a1[301 observed a lot of scatter in their corrosion rate data, stating that this 
was possibly due to difficulty in obtaining Rp values at the rest potential. SCULLY 
AND TAYLOR'180' stated a number of other possible error sources when using this 
method. These include oxidation of some other electroactive species besides the 
corroding metal, a change in the open circuit potential during the time taken to 
perform the test, and the application of a large potential resulting in a departure from 
linearity of the polarisation curve. Additional errors can be incurred when both the 
anodic and cathodic reactions are not under charge transfer control, as required for 
eqn. 34. SCULLY AND TAYLOR finally stated that data often requires correction 
for the electrolyte resistance and capacitive hysterisis, this latter point occurring as a 
result of the voltage scan rate. However, in laboratory studies, relative corrosion rates 
are usually of greater interest than absolute values, so any error in the measurements 
is of little concern so long as the error is consistent across all tests. 
11.3 Galvanic Corrosion 
MANSFELD et a1" 82' stated that the accelerated corrosion of dissimilar metals which 
are electrically coupled, and exposed to a corrosive environment, is one of the most 
common and severe forms of corrosion found in practice. Traditionally, the galvanic 
corrosion of coupled metals has been ranked according to a galvanic series based on 
their open circuit rest potentials. However, the aforementioned authors stated that this 
method is only useful in providing an indication of the general trends occurring during 
galvanic corrosion, and cannot give information regarding the actual extent to which 
corrosion occurs for galvanic couples. It has been said that the magnitude of galvanic 
corrosion does not depend entirely upon the potential difference between coupled 
materials, but also on kinetic parameters such as their uncoupled (free) corrosion 
rates, Tafel slopes and area ratios. Therefore, it is important to directly measure the 
extent of galvanic corrosion occurring between dissimilar materials. 
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11.3.1 Zero Resistance Ammetry 
In 1970 LAUER AND MANSFELD'1831 described a method whereby the galvanic 
corrosion current set up between dissimilar metals could be measured directly using a 
device having zero impedance, constructed using operational amplifiers. A similar, 
commercially available, device having eight channels was utilised in this study to 
measure the galvanic interactions occurring over a two week test period between 
either 2014-T6 or 7075-T6 aerospace grade aluminium alloys (compositions of which 
are given in Table 36) and the composite coatings developed. 
Composition (wt. %) 
Allo y Si Fe Cu Mn Mg Zn Cr Ti Other Al 
2014-T6 
0.50- 
0.70 
3.90- 0.40- 0.20- 
0.25 0.10 15 0 0.20 Balance 1.20 5.00 1.20 0.80 . Zr+Ti 
7075-T6 0.40 0.50 
1.20- 0.30 2.10- 5.10- 0.18- 020 0.25 Balance 2.00 2.90 6.10 0.28 Zr+Ti 
Table 36, Composition of aluminium alloys investigated"841. 
Galvanic interactions between the above mentioned aluminium alloys and 
conventional coatings, deposited under the same conditions, were also investigated to 
compare the effects of PTFE additions. Additionally, electrodeposited cadmium, to 
Defence Standard 03- 1911J1511' was investigated to allow ranking of the coatings with 
regard to possible replacement of electrodeposited cadmium. Furthermore, the mixed 
potential due to galvanic corrosion was monitored to determine the effects of 
coupling, and ascertain the direction of current flow. It will be noted that the 
uncoupled potential for the aluminium alloy of each couple has also been included 
with this potential data as a base line for comparison. The results for these 
investigations carried out on couples containing 2014-T6 aluminium alloy are shown 
in the following figures. 
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Figure 106, Galvanic corrosion current for zinc and cadmium coatings coupled 
to 2014-T6 aluminium alloy. 
0 
-650 
X00 
-750 
-800 
W(ý 
-850 
-900 
-950 
-1000 
-1050 
-1100 
-1150 
Time (hours) 
24 48 72 96 120 144 168 192 216 240 264 288 312 336 
- Zn 0.625Ndm^2 -Zn 5Ndm^2 - Zn/(33.1 %)PTFE 0.825A/dm^2 
-Zn/(43.3%)PTFE 5A/dmA2 -Cadmium to Def. Stan. 03-19/1 Uncoupled potential for 2014-T6 
Figure 107, Coupled potential for zinc and cadmium coatings coupled to 2014-T6 
aluminium alloy. 
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Figure 108, Galvanic corrosion current for zinc-cobalt alloy and cadmium 
coatings coupled to 2014-T6 aluminium alloy. 
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Figure 109, Coupled potential for zinc-cobalt alloy and cadmium coatings 
coupled to 2014-T6 aluminium alloy. 
Since the coatings tested assumed a free corrosion potential which was more 
electronegative than that of 2014-T6 aluminium alloy, these were expected to form 
the anode of each galvanic couple, providing sacrificial protection towards the 
aluminium alloy. This assumption appears to hold true, since the coupled (mixed) 
M. Simmons 
215 
-Zn-Co 0.7Ndm^2 - Zn-Co 5A/dm^2 -Zn-Co/(11.6%)PTFE 0.625A/dmA2 
- Zn-Co/(34.2 / )PTFE 5NdmA2 - Cadmium to Def. Stan. 03-19/1 
- Zn-Co 0.7Ndm^2 -Zn-Co 5A/dm^2 - Zn-Co/(11.6 % )PTFE 0.625Ndm^2 
-Zn-Co/(34.2 o)PTFE 5A/dm^2 - Cadmium to Def. Stan. 03-19/1 Uncoupled potential for 2014-T6 
Results And Discussion - Corrosion Performance M. Simmons 
electrode potential tended to be closer to the free corrosion potential of the coating 
rather than that of the aluminium alloy. In the case of zinc and zinc-cobalt alloy 
coatings, this would provide a large driving force for galvanic corrosion, and large 
galvanic currents were expected. Since the cadmium coatings had a free corrosion 
potential similar to that of 2014-T6 aluminium alloy, the driving force for corrosion 
should be relatively small and should give small galvanic currents. From the galvanic 
current data, it will be noted that, indeed, the galvanic corrosion current for each 
couple containing zinc or a zinc-cobalt alloy was initially quite high, while the couple 
containing cadmium had an appreciably lower current. However, as the duration of 
coupling increased, galvanic current decayed for all of the couples investigated. This 
is believed to be caused by ennoblement of the mixed potential for each couple with 
time, thus reducing the driving force for galvanic corrosion. One possible explanation 
for such behaviour is that progressively alkaline conditions set up at the aluminium 
alloy surface, due to oxygen reduction, caused significant corrosion of the aluminium 
alloy [23,182,1851 This would occur, since the aluminium alloys were cathodically 
polarised in each galvanic cell, and the predominant cathodic reaction in neutral or 
near neutral solutions is oxygen reduction, leading to the formation of hydroxyl ions 
and a pH rise at the metal/solution interface [178,1851: 
02 + 2H20 + 4e 40H- 
At these elevated values of pH, the protective oxide (A1203) which forms on 
aluminium and its alloys becomes thermodynamically unstable and dissolves to form 
aluminate ions (A102J1851, after which the alloy is unprotected from further corrosive 
attack resulting in an increased rate of corrosion. This increased rate of aluminium 
corrosion could then polarise the coupled potential away from the free corrosion 
potential of zinc towards that of the aluminium alloy, reducing the overall driving 
force for galvanic corrosion. Corrosion products formed on zinc coatings are also 
alkaline in nature, and as such may have influenced the bulk electrolyte pH, further 
exasperating the effect of pH on aluminium alloy corrosion discussed above. Another 
explanation is that corrosion products formed on the coating surface may have 
provided a shielding effect, reducing the overall surface area available for further 
anodic electrochemical reactions to occur. If this were the case, then reactions on the 
cathode would predominate and the galvanic corrosion potential of the couple would 
tend to approach a value closer to that of the free corrosion potential for the 
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aluminium alloy. Additionally, the rate of oxygen reduction at the cathode would also 
be reduced, lowering the concentration of hydroxyl ions present at the metal/solution 
interface. This might allow the aluminium alloy to re-passivate, further lowering the 
overall galvanic corrosion current of the cell. 
Upon closer inspection of the potential data for the galvanic couple containing 
cadmium, it can be seen that, for the first three days of coupling, the potential 
behaviour was quite complicated. Initially, the cell decreased from a potential of 
approximately -770mV (vs. SCE) to a value of approximately -790mV (vs. SCE), 
after which it rose to a more noble value just above -75OmV (vs. SCE), before finally 
decaying to a steady-state value of around -770mV (vs. SCE). This is believed to be 
due to an initially high corrosion rate on the cadmium surface, in a similar manner to 
that of the other coatings investigated. Ennoblement of the potential would occur as 
alkaline conditions set up at the aluminium surface caused this metal to corrode at an 
increased rate, as discussed above for the other couples. However, since the initial 
potential difference between the two electrodes was quite small, it is envisaged that 
the pH change would not be so dramatic as that found for the couples containing other 
coatings. Consequently, the hydroxyl ions may readily be able to diffuse into the bulk 
of solution, at which point, the aluminium alloy could re-form its protective A1203 
corrosion product and the potential would then become more electronegative. 
Following this, corrosion could continue at a more steady-state potential. 
One point of note for couples containing zinc-cobalt alloys is that the measured 
galvanic current decayed much more rapidly than that of the couples containing zinc. 
BALDWIN et a11851 found similar behaviour with zinc-nickel alloys upon coupling 
with aerospace aluminium alloys, and attributed this effect to dezincification of the 
zinc alloy coating. As the zinc alloy, in this case zinc-cobalt, corrodes its surface 
becomes enriched with the alloying element and its free corrosion potential becomes 
more noble. During coupling, this ennoblement occurs, and the difference in the free 
corrosion potential for the two electrodes approaches zero. At which point, there 
would be no driving force for galvanic corrosion to proceed, and no galvanic 
corrosion current would flow. Comparison of the current data for a couple containing 
a zinc-cobalt/(11.6vol. %)PTFE coating deposited at 0.625A/dm2 presented in Figure 
108, and the potential data in Figure 109 shows this to be true. With further 
ennoblement, the zinc alloy becomes increasingly cathodic with respect to the 
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aluminium alloy, leading to the reversal in direction of current flow observed for this 
couple. At this point, the coupled potential stabilised at the free corrosion potential of 
the aluminium alloy, which was now acting as a sacrificial anode towards the zinc- 
cobalt/PTFE composite. 
Interestingly, galvanic couples containing composite coatings tended to have more 
noble galvanic potentials than those containing conventional coating systems, and as 
such, smaller absolute values of galvanic corrosion current. This may have been 
caused by the inherent hydrophobicity of these composite coatings. Since the 
composites were not so easily wetted as the conventional coatings, they corroded at a 
slightly reduced rate, and hence galvanic interactions with other materials were 
decreased in magnitude. 
It is apparent from the plots of galvanic current that there was a great deal of 
corrosion `noise' present in the data. This could result from micro-galvanic 
interactions set up on the aluminium alloy surface, occurring between the copper rich 
intermetallics that are formed during heat-treatment and the surrounding aluminium 
matrix. During this process, aluminium is selectively dissolved from the alloy surface, 
due to the relative nobility of these intermetallic phases, leading to the formation of 
surface pits. These then become filled with corrosion products, and the corrosion rate 
is reduced. This is the predominant reaction that would occur if the anode of the 
galvanic cell became shielded by the formation of a thick corrosion product as 
discussed above. Additionally, in the alkaline conditions which occur at the 
aluminium alloy surface, this reaction would tend to be accelerated. 
In addition, it will be noticed that there was a slight irregularity on two of the curves 
in the data (zinc and zinc-cobalt/PTFE deposited at 0.625A/dm2). This was apparent 
in the galvanic current and potential data for both couples; therefore, it is believed that 
these were caused by a slight disturbance of the galvanic cell during replenishment of 
KCl solution in the reference electrode salt bridges. This could have resulted in 
removal of a little of the voluminous corrosion product present on the panels, 
exposing fresh uncorroded metal, resulting in a subsequent increase in corrosion rate. 
It is interesting to note that the couple containing a zinc-cobalt/(34.2vol. %)PTFE 
composite coating had a galvanic corrosion current which was similar to, or slightly 
less than that of the couple containing commercially electroplated cadmium. Such 
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behaviour suggests excellent galvanic compatibility of the coating with 2014-T6 
aluminium alloy, similar to that of cadmium. 
Galvanic corrosion data for couples containing 7075-T6 aluminium alloy and the 
coating systems currently under investigation are given in the following figures. 
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Figure 110, Galvanic corrosion current for zinc and cadmium coatings coupled 
to 7075-T6 aluminium alloy. 
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Figure 111, Coupled potential for zinc and cadmium coatings coupled to 7075-T6 
aluminium alloy. 
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Figure 112, Galvanic corrosion current for zinc-cobalt alloy and cadmium 
coatings coupled to 7075-T6 aluminium alloy. 
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Figure 113, Coupled potential for zinc-cobalt alloy and cadmium coatings 
coupled to 7075-T6 aluminium alloy. 
Generally speaking, similar observations to those made for the couples containing 
2014-T6 aluminium alloy can be made. However, some additional points worthy of 
note will be made in the following paragraphs. 
_t .. 
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The first point is that the galvanic currents measured at the start of each test were 
significantly higher than those obtained with the couples containing 2014-T6 
aluminium alloy (up tol00. A difference). These currents decayed rapidly to values 
that were either similar, or slightly lower than those obtained for the 2014-T6 couples. 
This behaviour is believed to be caused by very high activity of the surfaces 
immediately upon coupling. Such behaviour could result from the necessity of the 
aluminium alloy to thicken its protective oxide film. As can be seen from the free 
corrosion potential data for an uncoupled 7075-T6 aluminium alloy, a more noble 
potential is required to initiate such activity on the alloy surface, this could be the 
pitting potential referred to by MANSFIELD et J1821 . Due to this phenomenon, the 
driving force for corrosion would be increased, resulting in a high current. However, 
once the aluminium alloy surface has started to become oxidised, its free corrosion 
potential attains a more electronegative value, resulting in a reduction of the corrosion 
rate. Further reductions could be attributed to ennoblement of the coupled potential as 
discussed previously for couples containing 2014-T6. However, since 7075-T6 has a 
free corrosion potential which is closer to that of the coatings under investigation, the 
overall driving force for corrosion would not be so great as that found with the 2014- 
T6 couples. Therefore, reduced reaction rates can be expected. It has also been 
suggested that differences in the diffusion rates of oxygen through the oxide film 
formed on aluminium alloys may also account for differences in measured galvanic 
[ls2 corrosion currentsassý 
Current reversals were apparent with the data obtained for zinc-cobalt alloys 
containing higher cobalt concentrations. Again, these can be attributed to 
dezincification of the coating as discussed previously. However, the current reversals 
appeared to happen rather more abruptly in 7075-T6 couples. The times of these 
reversals tended to coincide with the times at which the cell potential reached its most 
noble value. This is further evidence that a potential more noble than the free 
corrosion potential is required to initiate corrosion on 7075-T6 aluminium alloy. 
The current fluctuations due to corrosion `noise', as noted previously, tended to be 
smaller in magnitude for the couples containing 7075-T6 aluminium alloy. This was 
possibly due to the less reactive nature of these couples when compared to those 
containing 2014-T6. 
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Again, the couple containing a zinc-cobalt/(34.2vol. %)PTFE composite coating 
offered a galvanic corrosion current similar in magnitude to that obtained for the 
couple containing cadmium. Additionally, the couple containing a conventional zinc- 
cobalt alloy, possessing a low cobalt percentage, gave similar results. 
11.3.2 Aluminium Alloy Dissolution Due To Galvanic Coupling 
Although direct measurement of the current flowing between two dissimilar metals is 
useful in showing whether the two materials will interact galvanically, it does not 
provide any quantitative data regarding the actual extent of this interaction. 
Total dissolution rates of the aluminium alloys (rt) in each of the galvanic couples was 
calculated from weight loss data, the results of which are given in Table 37. However, 
the corrosion rate due to galvanic coupling (rg) cannot be determined without first 
knowing the corrosion rate of the uncoupled alloy (ro). This data can be found in 
Table 38. The corrosion rate due to coupling can then be calculated from the 
following equation: 
r=r -r 9t0 (eqn. 35) 
vs. 2014-T6 vs. 7075-T6 
l 
Coating system - .- 
1-0 
cý 
= a 
;w Am 
- , .- 
;w pz 
c 
w c 
O4 R% OA .ý 's 0 
7 O O_ 
tin 0 ao Gý wo Gý ýo 
ü v ü 
Cd (to Def. Stan. 03-19/1) 5.1 -7.4 1 4.1 -1.3 1 
Zn (0.625A/dm) 21.6 9.0 9 8.3 2.9 7 
Zn (5A/dm) 15.6 3.0 5 7.8 2.4 6 
Zn-(2.4%)Co (0.7A/dm) 13.9 1.3 4 13.4 8.0 9 
Zn-(0.5%)Co (5A/dm) 11.9 -0.7 2 6.3 0.9 5 
Zn/(33.1 %)PTFE (0.625A/dm) 16.9 4.3 6 4.8 -0.6 3 
Zn/(43.3%)PTFE (5A/dm) 19.0 6.4 7 5.0 -0.4 4 
Zn-(2.2%)Co/(11.6%)PTFE (0.625A/dm) 19.3 6.7 8 12.7 7.2 8 
Zn-(0.2%)Co/(34.2%)PTFE (5A/dm) 12.8 0.3 3 4.5 -0.9 2 
Table 37, Corrosion rates of aluminium alloys upon galvanic coupling with 
various coating systems. 
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Aluminium alloy Self corrosion rate (mg-dm /day) 
2014-T6 12.6 
7075-T6 5.4 
Table 38, Self (uncoupled) corrosion rate of aluminium alloys in 3.5 % NaCI 
solution. 
From Table 38, it can be seen that 7075-T6 aluminium alloy has a lower self 
(uncoupled) corrosion rate than that of 2014-T6 aluminium alloy. This can be 
expected due to micro-galvanic interactions occurring between the relatively noble 
CuA12 intermetallics present in most of the 2xxx series aluminium alloys, as discussed 
in the previous section. Additionally, closer inspection of Table 36 shows that 7075- 
T6 possesses greater levels of magnesium, which is known to reduce the corrosion of 
[1781 aluminium alloys, particularly in marine environments. 
The total corrosion rates of both aluminium alloys upon coupling with zinc or zinc- 
cobalt alloys generally tended to be higher than their uncoupled self corrosion rates. 
This confirms that, for the majority of the couples, significant corrosion of the 
aluminium alloys took place during coupling, presumably due to alkaline conditions 
occurring at the metal/solution interface as discussed previously. Similar findings 
have been published by other authors [182,1851 From this, the assumption made in 
section 11.2 regarding the galvanic compatibility of the various coatings does not 
appear to be true, due to this increased corrosion of the aluminium alloys. 
In Table 37, a positive value of galvanic corrosion rate indicates that corrosion of the 
aluminium alloy had been accelerated by coupling with a dissimilar metal, while a 
negative value indicates a reduction of the corrosion rate. Therefore, ranking of the 
coatings was carried out with respect to their effect on corrosion rates of the 
aluminium alloys, as also demonstrated in Table 37. From this ranking, cadmium 
appears to be the best suited metal for galvanic coupling with aluminium alloys, while 
the low current density zinc and zinc-cobalt/PTFE coatings appear to be the least 
suited. Of the coatings investigated, a zinc-cobalt/(34.2vol. %)PTFE composite 
appears to be the most likely candidate for cadmium substitution, since it only 
marginally increased corrosion of 2014-T6, and reduced corrosion of 7075-T6. 
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12 Tribological Properties 
One of the other important properties which cadmium possesses is its low coefficient 
of friction. This is particularly beneficial on cadmium coated bolts and other threaded 
fasteners, since a large amount of the torque used in tightening such fasteners is 
expended in overcoming friction. Therefore, the frictional properties of any 
replacement coatings were of primary importance. 
The static coefficient of friction for the various coatings was determined using an 
inclined plane test, while kinetic data was obtained using reciprocating wear tests. 
12.1 Inclined Plane Tests 
Inclined plane tests were carried out for each of the coatings under investigation in 
order to determine their coefficients of friction; the results of which are given in 
Figure 114. 
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Figure 114, Coefficient of friction obtained from inclined plane test (8µm 
nominal coating thickness). 
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As can be seen, the coefficient of friction for conventional zinc and zinc-cobalt 
deposits was higher than that of commercially electroplated cadmium. This is in 
agreement with other reported results [23'261. However, for coatings containing even 
modest amounts of PTFE, the coefficient of friction was found to be lowered quite 
significantly, indicating that PTFE had the desired effect of providing some 
lubrication. Each of the composites investigated had a coefficient of friction lower 
than that measured for electrodeposited cadmium. In some cases, these even came 
close to literature values for unlubricated cadmium possessing a chromate passivation 
treatment (u = 12-0.27)[23,331 . As will 
be noted, the value for chromated cadmium is 
lower than that obtained in the present studies. This is most likely due to separation of 
the sliding surfaces by the chromate film, whereby intimate metal to metal contact is 
prevented. Each of the conventional coating systems demonstrated large variations in 
the coefficient of friction measured, as evident from the error bars in the figure. 
Electrodeposited cadmium was no exception. Such a situation would not be ideal for 
threaded fasteners used in aerospace applications, since the automated tools used to 
assemble aircraft would not be able to apply the correct clamping load to these 
fasteners. Consequently, some fasteners would not be tightened sufficiently to prevent 
shaking loose during use; while others would be overtightened, possibly leading to 
failure of the fastener. The presence of PTFE in the composite coatings was found to 
reduce the experimental scatter obtained during the tests, presumably due to the 
lubricating effects of PTFE, meaning that these coatings should have more consistent 
torque-tension behaviour. 
There was a relatively large difference in the coefficient of friction measured for the 
two zinc-cobalt composites containing different amounts of PTFE; this could have 
been caused by the amount of particulate present. However, upon comparison with the 
zinc-nickel composites, similar percentages of PTFE were present, but these did not 
demonstrate such an obvious variation. Possibly, a more reasonable hypothesis is that 
this behaviour was caused by differences in the coating roughness due to 
morphological variations brought about through changes in alloy composition and/or 
electroplating current density. It is a well-documented fact that various alloy phases 
exist for the different alloy compositions, so if the coating morphology is directly 
related to these different phases, then this could account for the behaviour noted 
above. The zinc-cobalt coatings had quite different alloy compositions, while the zinc- 
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nickel coatings tended to have similar compositions. Additionally, current density is 
known to cause changes in coating morphology. Higher current densities tended to 
give coatings having improved surface morphologies, but good mass transport within 
the electroplating solution was required to prevent dendrite formation. Such a smooth, 
non-dendritic, morphology could, theoretically, give a lower coefficient of friction, 
since asperity height would be diminished, leading to a reduction of the `ploughing' 
term found in the adhesion-shearing-ploughing model of friction behaviour, as 
described in section 5.4.1. However, it is believed that these current density effects 
were negligible, since investigation of the data for both conventional and composite 
zinc coatings shows that their average coefficients of friction were consistent, no 
matter what current density was used. Hardness of the coating and wear particles is 
another factor that should be considered. Unfortunately, no hardness tests were carried 
out on the coatings, so the following discussion is only speculative. Metals such as 
cobalt and nickel possess higher hardness than zinc, so it is envisaged that zinc alloys 
containing these metals would also be harder than pure zinc, with hardness increasing 
as the concentration of these metals is increased. Since hardness and shear strength 
are indirectly related (i. e. as hardness increases, so does shear strength), the force 
required to shear an adhered junction would be higher for a hard material than that for 
a softer material, contributing to a higher friction force. Additionally, harder materials 
tend to resist `ploughing' of asperity peaks more easily than softer materials, which 
could result in higher friction coefficients. However, this is usually deemed 
insignificant with respect to adhesion and shearing, but could become more important 
if wear debris generated during sliding is harder than the material being investigated. 
Increased hardness of the wear debris can be achieved by its oxidation brought about 
through frictional heating, although not all oxides are harder than the metal. Such 
wear particles can have two possible effects; firstly they can act as small `rollers' 
between the surfaces and actually lower the coefficient of friction. Secondly, they can 
increase `ploughing', causing severe wear, and raising the coefficient of friction. Both 
types of behaviour can be seen in the data obtained from reciprocating wear tests. 
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12.2 Reciprocating Wear Tests 
12.2.1 Line Contact Samples 
Presented overleaf is data obtained from reciprocating wear tests carried out on the 
various coatings under investigation. These were conducted using specimens which 
gave a line contact situation. Similar tests were carried out on both electrodeposited 
cadmium, and bare steel specimens, to give comparative data. The data presented in 
the following pages was selected from a series of tests, and is considered to be 
reasonably representative of the trends observed. The raw data obtained from these 
tests can be found in Appendix D. 2, while a summary of the data is given in Table 39 
below. 
Current % Alloy % Coefficient of friction, p 
Coating system density 
(A/dm 
element 
(wt. %) 
PTFE 
(Vol. %) Coating 
Steady-state 
(average value) 
Peak 
0.625 0.75 1.00 1.85 
Acid Zn 1.25 0.50 1.00 1.70 
5.0 0.55 0.92 1.55 
Acid Zn-Co 
0.7 2.4 0.50 1.38 1.79 
5.0 0.5 0.40 0.90 1.70 
0.625 33.1 0.25 0.30 0.45 
Acid Zn/PTFE 1.25 34.2 0.23 0.30 0.32 
5.0 43.3 0.23 0.35 0.38 
0.625 2.2 11.6 0.28 0.33 0.37 
Acid Zn-Co/PTFE 
5.0 0.2 34.2 
appaNot rent 
0.40 0.45 
Cadmium to Def. 
Stan. 03-19/1 
Not 
apparent 
0.50 0.68 
None (bare steel) 1.00 1.40 
Table 39, Summary of the reciprocating wear test data for line contact (8 Am 
nominal coating thickness). 
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Figure 115, Reciprocating wear test data for zinc on zinc line contact (84m 
nominal coating thickness). 
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Figure 116, Reciprocating wear test data for zinc-cobalt alloy on zinc-cobalt alloy 
line contact (8µm nominal coating thickness). 
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Figure 117, Reciprocating wear test data for zincfPTFE on zinc/PTFE line 
contact (8µm nominal coating thickness). 
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Figure 118, Reciprocating wear test data for zinc-cobalt/PTFE on zinc- 
1[ 
cobalt/PTFE line contact (8µm nominal coating thickness). 
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Because the test apparatus was designed for screening lubricant films and hard wear- 
resistant coatings, the tests had to be run at the lowest possible pre-load and 
reciprocation frequency. Therefore, great care had to be exercised in setting the 
experimental variables used in these tests. This might have introduced minor errors 
into the results, since obtaining these low machine settings proved quite difficult. 
However, it was considered that the errors incurred were insignificant due to 
repeatability of the data obtained. Additionally, the reciprocating specimen needed 
correct location in the moving head of the test apparatus to ensure uniform wear 
across the entire sample, and prevent `digging-in' of the sample edges which could 
give rise to high friction forces. 
Determination of the coefficient of friction for conventional electrodeposited coatings 
proved difficult due to rapid wear of the surface, leading to contact of the underlying 
steel substrates. Further evidence of this can be seen on the friction-time plots, since 
the steady-state coefficient of friction obtained for these coatings was similar or 
greater in magnitude to that obtained for steel on steel contact. Upon visual inspection 
of the wear scars, steel on steel contact was verified. Some samples were far worse 
than others, resulting in contact of the substrate material almost immediately (see raw 
data in Appendix D. 2 for some examples of this behaviour). This could have been 
caused by testing thinner portions of the coatings, obtained as a result of poor current 
density distribution effects during electrodeposition of the test samples, as discussed 
in sections 8.2.1.1,9.6.3 and 10.3.2.3, or incorrect selection of the test geometry; 
however, more will be said about this in section 12.2.2. Some of the data 
demonstrated a sharp decrease in the coefficient of friction, an example of which can 
be found on both of the conventional zinc-cobalt alloy coatings investigated. This may 
have been caused by sufficient wear of the contacting surfaces to expose new, 
previously uncontacted surfaces, allowing the coefficient of friction to fall to a value 
representative of that for the coating being investigated. However, in the majority of 
cases, this reduction in the coefficient of friction was preceded by a high friction 
event, suggesting that it was more likely to have been caused by abrasive wear of the 
surfaces. During sliding, the surface can become damaged, where fragments of 
material are detached; and as stated previously, this debris can have two possible 
effects, either raising or lowering the coefficient of friction. The high friction events 
were most likely caused by initial separation of wear debris from the bulk material. If 
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this debris does not become fully detached, it would act as a scribe, scratching the 
surface and increasing the coefficient of friction. Upon continued motion, these wear 
products may then have become fully separated, at which point, three-body abrasion 
would occur. During this second wear process, debris may act as a miniature rolling- 
element bearing, reducing the coefficient of friction and the wear rate. If this debris 
then became entrapped or embedded in one of the surfaces again, it would reassume 
the role of a scratching/scribing element, increasing both the coefficient of friction 
and wear rate. It is believed that a slight variation of this scratching/scribing type 
abrasive wear was responsible for coefficients of friction that were higher in 
magnitude than those of steel on steel contact. This increase was thought to be caused 
by the formation and entrapment of oxidised wear debris during sliding, which could 
have been harder than both the coating and steel substrate materials, as mentioned in 
the previous section. 
As found with inclined plane tests, the coefficient of friction for composite coatings 
was lower than that for electrodeposited cadmium. An interesting point of note is that 
the composite coatings did not appear to possess a static coefficient of friction. Most 
of the plots obtained for these coatings tended to have a rounded profile prior to 
obtaining steady-state conditions, which again, made determination of the coefficient 
of friction difficult. This could have been caused by `running-in' wear on the samples. 
During `running-in', the coefficient of friction would initially be extremely low due to 
complete separation of the metal surfaces by the loosely bound PTFE `white layer', 
which is gradually removed by each successive stroke of the test apparatus. Once 
enough PTFE has been removed to allow contact of the highest asperities, lubrication 
is by boundary means, and the coefficient of friction attains a steady-state value. Once 
boundary lubrication has been achieved, no further increases in the coefficient of 
friction appear to occur, probably because no more PTFE was removed due to 
becoming entrapped in peaks and valleys found on the surface. An alternative 
explanation for this behaviour is that PTFE exhibits an unusually low static 
coefficient of friction which is actually lower than its dynamic coefficient of 
friction [162,1631 Additionally, the coefficient of friction for composites containing 
greater percentages of PTFE, which were deposited at higher current densities, tended 
to be higher than that of coatings containing reduced amounts of the polymer. This 
could be because those coatings containing high percentages of PTFE possessed a 
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smoother surface morphology than those with less PTFE. Consequently, the peaks and 
valleys are reduced in size, so less PTFE could be entrapped in these surface features 
and greater metal to metal contact would occur after the initial `running-in' period, 
resulting in an increased coefficient of friction. 
During the tests, three different types of wear debris were visually observed to form. 
The zinc and zinc-cobalt deposits tended to form quite large and coarse acicular type 
debris, providing further evidence of abrasive wear found with these coatings. 
Electrodeposited cadmium tended to form smooth flat debris, which, once detached 
from the surface, was easily `smeared' across the surface by subsequent cycles of the 
test apparatus. This may be the reason for fluctuations of the 'coefficient of friction 
with time, since the debris was not levelled in one stroke, but after a succession of 
passes. Therefore, it would present a high point on an otherwise (mostly) smooth 
surface, so until this debris became fully burnished into the coating, it would provide 
increased resistance to sliding and hence a heightened coefficient of friction. No 
significant wear debris appeared to form on the PTFE containing composite coatings; 
however, a little PTFE dust was evident at the ends of the wear tracks after testing. 
This appears to backup the theory above relating to the `running-in' behaviour of 
these coatings. 
12.2.2 Area Contact Samples 
As discussed in the previous section, rapid wear of the conventional coatings made 
determination of their true coefficient of friction particularly difficult. This was 
thought to be caused by either poor thickness distribution effects, or problems with 
the contact geometry. Since pressure is equal to force divided by area, the coatings 
would experience quite high contact pressures for a line type test geometry. 
Consequently, the unlubricated coatings can be expected to undergo rapid 
degradation. However, because the test apparatus was already being run at the lowest 
possible pre-load, the force could not be altered, so it was decided to perform a second 
series of tests using a different contact geometry. By using an area type test geometry, 
the contact pressure was reduced, theoretically reducing wear and making it easier to 
distinguish the coefficient of friction for each of the coatings. Data for tests carried 
out on each of the coatings presently under investigation can be found following 
Table 40, which summarises the data obtained. 
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Current % Alloy % Coefficient of friction,, u 
Coating system densit 
(A/dm) 
element 
(wt. %) 
PTFE 
(vol. %) Coating 
Steady-state 
(average value) 
Peak 
0.625 1.30 1.80 2.05 
Acid Zn 1.25 0.90 1.45 1.90 
5.0 0.60 1.60 1.95 
Acid Zn-Co 
0.7 2.4 0.22 0.40 0.42 
5.0 0.5 0.32 0.40 0.42 
0.625 33.1 0.32 0.50 0.55 
Acid Zn/PTFE 1.25 34.2 0.95 1.50 1.95 
5.0 43.3 0.90 1.50 1.75 
0.625 2.2 11.6 0.39 0.38 0.40 
Acid Zn-Co/PTFE 
5.0 0.2 34.2 Not 
apparent 
0.55 0.60 
Cadmium to Def. 
Stan. 03-19/1 
Not 
apparent 
0.55 0.74 
Table 40, Summary of the reciprocating wear test data for area contact (8µm 
nominal coating thickness). 
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Figure 120, Reciprocating wear test data for zinc-cobalt alloy on zinc-cobalt alloy 
area contact (8µm nominal coating thickness). 
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Figure 121, Reciprocating wear test data for zinc/PTFE on zinc/PTFE area 
contact (8µm nominal coating thickness). 
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Figure 122, Reciprocating wear test data for zinc-cobalt/PTFE on zinc- 
cobalt/PTFE area contact (8µm nominal coating thickness). 
From the preceding data, it appears that the `new' test geometry was only partially 
successful. The duration of `running-in' type wear was slightly lengthened, but in the 
majority of cases, the coefficient of friction was still difficult to determine. 
It appears that similar observations to those stated for line contact tests can be made 
with little exception. However, there are some additional points worthy of note. The 
5A/dm2 zinc sample, shown in Figure 119, exhibits a sharp drop in the coefficient of 
friction, followed by a period of low friction. This was due to the apparatus being 
stopped briefly to adjust the sample. As can be seen, steady-state conditions were 
quickly resumed. The 5A/dm2 zinc-cobalt sample shown in Figure 120 demonstrated 
similar behaviour, however, this is believed to have been caused by the formation of a 
new contact as described previously in section 12.2.1. 
Generally, the coefficient of friction found with area contact samples was slightly 
higher than that obtained from tests carried out using line contacts. Since the 
coefficient of friction is independent of apparent area of contact (second law of 
friction [1301), this was probably caused by wear debris generated during sliding not 
being able to escape from between the contacting surfaces. Due to the increased 
quantity of wear particles trapped between the surfaces, higher coefficients of friction 
may be achieved by the mechanisms outlined in section 12.2.1. Further evidence of 
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this can be seen in the friction-time plots for composite coatings, which were not as 
smooth as those obtained from the line contact tests. Again, possibly due to 
entrapment of abrasive particles between the sliding surfaces. Additionally, the 
coefficient of friction for PTFE is reported to decrease with increasing contact 
pressure [1861, which would also influence frictional behaviour of the composite 
coatings. 
The zinc/PTFE and zinc-cobalt/PTFE composites containing high percentages of 
PTFE demonstrated similar coefficients of friction to that obtained for 
electrodeposited cadmium. This would be particularly advantageous with respect to 
cadmium replacement on threaded fasteners, since the same tightening torque settings 
could be used to obtain similar clamping loads when operating automated production 
lines. However, this needs further investigation due to differences in the data 
collected. Torque-tension measurements would be especially beneficial for continued 
screening of the coatings. 
At the end of the five minute test duration, cadmium did not show any appreciable 
wear on the surface, therefore, another test was carried out to destruction of the 
sample, the results of which are given in Figure 123 below. 
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Figure 123, Reciprocating wear test data for cadmium on cadmium area contact 
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The initial test conditions were the same as those used in previous tests. After five 
minutes, the pre-load on the samples was raised from 5N to ION force. This, however, 
did not alter the friction force appreciably, so pre-load was raised further to 15N. Still 
no significant wear took place, and the pre-load was increased yet again to 40N, to 
reduce the time required to wear through the coating. Some slight ripples in the 
friction force can be seen on the force-time plot at this and the 30N pre-load. Just after 
9.5 minutes test duration, the sample catastrophically failed with a sudden increase in 
the friction force. At this point, deep wear scars became apparent on the coating, 
resembling those observed on zinc and zinc-cobalt coatings. This provides further 
evidence that friction force, and hence the coefficient of friction, are considerably 
higher upon breakdown of the electrodeposited coatings. 
12.3 General Points 
12.3.1 Sources Of Error 
Each of the tests gave similar results, after experimental error had been taken into 
account, but it is not ideal to compare data for two completely different test types, due 
to the differences in test procedure and contact geometry. The potential error sources 
associated with the tribological tests used are as follows: 
Inclined plane test - 
" Incorrect measurement of the angle. 
" Not locking out the slideway immediately upon slip. 
" Slight movement of slideway prior to locking out. 
" Stick-slip behaviour upon raising of slideway, leading to vibrations which 
could cause premature slip of the sled. 
9 Upon raising the slideway, the weight would have been transferred to the 
front of the sled. The test sample could then have tipped forward, possibly 
resulting in `digging-in' at the front of the test sample, and a subsequent 
increase in the friction angle. 
Reciprocating wear test - 
9 Inaccurate setting of pre-load force upon each test. 
Inaccurate mounting of reciprocating test-pieces. 
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" The lowest possible settings had to be used on the apparatus, which were 
below those recommended by the manufacturer. 
" Need to consider contact geometry and pre-load, since both affect contact 
pressure and wear rate of the samples. 
12.3.2 Discussion Of The Friction And Wear Characteristics For PTFE 
Upon sliding across hard surfaces, PTFE demonstrates a low coefficient of friction, 
which makes it useful as a bearing material. However, it also tends to show a high rate 
of wear. This low coefficient of friction and high wear rate are closely associated with 
the microstructure of the polymer. PTFE demonstrates a lamellar or banded 
microstructure consisting of long and narrow bands with striations running along their 
width. These striations represent `crystalline slices', with the polymer chains running 
parallel to these. Adjacent slices are separated by less crystalline, or amorphous, 
regions. The smooth rigid-rod-like profile of the PTFE chain allows adjacent polymer 
chains to slide past each other easily. Similarly, adjacent crystallites that are 
favourably aligned can also slide past one another with ease. Therefore, during 
sliding, the amorphous regions yield plastically and the `crystalline slices' are laid 
down as a wear track in a similar manner to spreading a pack of cards over a 
table [186,1871 However, this model relates to the frictional behaviour of bulk material. 
In the present studies, sub-micron sized PTFE particles were used, and it is believed 
that low friction in this tribosystem is achieved by a different mechanism. Firstly, 
since the PTFE particles are almost spherical (see micrograph shown in Figure 76), 
those loosely bound to the surface as a `white layer' may be acting as rolling-element 
bearings, as discussed above for three body abrasion. Alternatively, they could be 
`smeared' across the surface due to plastic deformation, and become entrapped in 
surface morphological features (peaks and valleys). By this mechanism, the PTFE 
would be burnished into the surface, providing intimate metal to PTFE contact, and a 
more adherent film, preventing subsequent metal on metal contact. If this latter 
contact situation did arise, then the PTFE particles embedded within the coating 
would most likely become `smeared' across the surface to provide continued low 
friction behaviour. 
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13 Pulsed Deposition Of Composite Coatings 
A preliminary investigation into the pulsed electrodeposition of zinc/PTFE and zinc- 
cobalt/PTFE composites was conducted in order to determine its effects on the 
amount of PTFE codeposited in these coatings. All coatings made were deposited 
with the aid of vibratory agitation, supplied by the vibromixer running at its maximum 
operating voltage (220V). The effect of pulsed current on the cobalt content of the 
zinc-cobalt/PTFE composites was also investigated. 
From the data obtained for zinc/PTFE composites, shown in Table 41, it appears that 
pulsed current has little effect on the amount of PTFE codeposition. This is believed 
to be due to the reaching of a saturation value of PTFE, where little or no more PTFE 
can physically be codeposited. This could account for the almost flat percentage PTFE 
vs. current density relationship observed with direct current conditions. Pulsed 
current, however, did allow higher average current densities to be operated, which 
equate to higher equivalent DC current densities. This would effectively reduce 
processing times for a given coating thickness, which could be of particular benefit to 
industrial applications of this technology. 
Similar effects to those noted above were found for zinc-cobalt/PTFE composites, 
with the exception of deposits formed at low average current density, see Table 42. 
These coatings appeared to demonstrate a dependency on the duty cycle, as 
demonstrated in the bottom right of Table 42. As duty cycle was increased, the 
percentage of PTFE present in the coatings was reduced. Other workers [127,1281 have 
reported this effect for different composite coating systems, but offered no 
explanation. Also noted in these papers is that pulse frequency had no effect on the 
rate of codeposition. Results found in the present research agree well with these 
findings. 
When compared to composites formed under DC conditions, pulsed deposition 
appeared to improve the visual appearance of both composite coating systems, 
providing a more uniform colouration across the panels and reducing the effects of 
`burning' at the edges of panels. Unfortunately, no photographs were taken for the 
zinc/PTFE composites to demonstrate this effect, but photographs taken for the zinc- 
cobalt/PTFE composites can be found in Figure 124. As can be seen from these 
photographs, the composites deposited using an average current density of 
239 
Results And Discussion - Pulsed Deposition Of Composites M. Simmons 
0.625A/dm2 did not demonstrate any significant variation in colouration. However, 
when the average current density was increased to 5A/dm2, the variation in 
colouration became quite marked. This appears to vary as a result of changes in duty 
cycle and pulse frequency. Generally speaking, the deposits appeared to take-on a 
much lighter colouration at lower values of duty cycle, the area coverage of which 
spread as pulse duration was increased, and hence frequency lowered (frequency = 
inverse of time). Presumably, this was caused by changes in the nucleation and 
crystallisation behaviour brought about through the use of pulsed current. In order to 
maintain the desired average current density, any reduction of duty cycle results in an 
increase in pulse current density. Therefore, those coatings deposited using a low duty 
cycle were done so at a high pulse current density. It is well documented that higher 
current densities result in greater crystal nucleation, and hence refined grain 
structuresE1261. During the off-times, recrystallisation readily occurs since small grains 
are thermodynamically less stable than larger ones. However, recrystallisation is 
easily inhibited by the presence of other species adsorbed onto the cathode. Therefore, 
it is believed that these lighter coloured deposits occur as a direct result of refined 
crystal growth which is inhibited from recrystallisation by the presence of PTFE 
adsorbed onto the cathode surface. The use of lower frequencies may reduce current 
density distribution effects, by allowing the current time to attain a reasonably even 
distribution over the entire surface for each pulse cycle. Shorter pulse durations, i. e. 
higher frequencies, would cause the current to be localised at the panel edges. 
Additionally, lower frequencies allow greater relaxation of the diffusion layer due to 
increased off-times, permitting complete replenishment of metal ions prior to the next 
cycle. 
One important facet of the work carried out on composites deposited using pulsed 
current, is that it appears possible to produce compositionally modulated composites 
as described by KERR et a1'691. Compositional modulation of the zinc-cobalt/PTFE 
composites, in particular, offers the interesting concept of modulating the alloy 
composition and PTFE particle content in situ. This could offer some interesting 
corrosion and tribological properties. 
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Results And Discussion - Polarisation Trials M. Simmons 
14 Polarisation Trials (Further Electrochemical Studies) 
This section presents and discusses data obtained from electrochemical polarisation 
trials for a selection of the coating systems under investigation. Cathodic polarisation 
studies were conducted in an attempt to obtain a greater understanding of the reaction 
kinetics during composite coating deposition. Anodic polarisation studies were 
conducted in order to further characterise the corrosion behaviour for a selection of 
the coatings. 
14.1 Cathodic Polarisation Studies 
Cathodic polarisation studies were conducted on mild steel panels in dilute acidic 
electrolytes containing the same metal salts as those used to deposit the zinc, zinc- 
cobalt and zinc-nickel coatings, the compositions of which are described in section 
7.10.4.1. Dilute electrolytes were employed in order to achieve well-defined reduction 
behaviour in the polarisation curves. Experiments were carried out for electrolytes 
both with and without PTFE additions, in order to determine the effects of its addition 
on the metal deposition reactions. PTFE was added to the electrolyte at a 
concentration of 30g/l in order to model the electroplating baths as closely as possible, 
given that the electrolytes used were highly dilute. 
14.1.1 Preliminary Studies 
When polarisation was sufficiently rapid to produce non steady-state mass transport 
conditions, a curve similar to that shown in Figure 125 was obtained. Upon 
polarisation from the rest potential, current density steadily rises, with cations being 
consumed from the electrolyte. This leads to a concentration gradient being set up 
within the solution immediately adjacent to the electrode surface, commonly referred 
to as the Nernst diffusion layer. Due to rapid polarisation, the diffusion layer will not 
extend very far into solution, resulting in a very steep concentration gradient, and a 
high current flow. Up to the peak current density (ipk), the rate of cation transport 
exceeds that of cation reduction. However, upon reaching i pk, the surface cation 
concentration becomes so depleted that the rate of reaction slows, since it cannot 
support this high current, allowing the diffusion layer thickness to increase. 
Consequently, the current density falls to a lower value corresponding to the diffusion 
limiting current density The diffusion limiting current density usually manifests 
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itself as a plateau region, after which hydrogen evolution becomes the dominant 
electrode reaction and current density increases again. It will also be observed that 
there is a slight plateau region prior to nucleation and crystal growth on the curve. 
This was probably caused by hydrogen evolution off the steel electrode surface, since 
this is the favourable electrochemical reaction occurring at overpotentials that are too 
low for metal nucleation and subsequent crystal growth. Alternatively, it may have 
been caused by oxygen reduction, because of dissolved oxygen present in the test 
solution, or by decomposition of the test solution, resulting from hydrogen evolution 
off the steel electrode, and subsequent formation of a hydroxide precipitate on the 
electrode surface. 
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Figure 125, Cathodic polarisation curve showing definitions of terminology used. 
Preliminary polarisation studies were conducted at three different zinc concentrations 
and three different potential scan rates to obtain optimal conditions for continued 
investigations. Typical curves resulting from this preliminary work can be found in 
the following two figures. 
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Figure 126, Cathodic polarisation curves obtained for various zinc 
concentrations. 
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Figure 127, Cathodic polarisation curves obtained for various scan rates. 
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Figure 126 shows the effect of zinc (as zinc sulfate) concentration in the electrolyte at 
a set scan rate of 400mV/min. As can be seen, the peak and limiting current densities 
were highly dependent upon concentration, with lower zinc concentrations yielding 
decreased current densities. Similarly, varying the potential scan rate (for a 
predetermined zinc concentration) affects current density, with faster scan rates giving 
larger peak and limiting current densities as shown in Figure 127. Both phenomena 
can be explained by the fact that current flow in a polarised cell is limited by how fast 
ions can arrive at the electrode surface. As discussed previously, ions reach an 
electrode primarily by diffusion across the diffusion layer from bulk solution. The rate 
of this diffusion is governed by a concentration gradient, since it occurs from a region 
of high concentration to a region of low concentration. The greater this concentration 
difference, the faster diffusion occurs. Therefore, the current at an electrode is largest 
when the ionic concentration gradient is greatest. This concept is best explained by 
the Nernst-Fick law['88"891, where the diffusion limited current density (iijm) is related 
to the bulk metal concentration (C, n°) and the Nernst diffusion layer thickness (&): 
nFD,  
C? 
t, ý, SN 
(eqn. 36) 
Where n is the number of electrons involved in the reaction, F is Faraday's constant 
and D, n is the metal ion diffusion coefficient. 
From this equation, it can be seen that the ionic concentration of the test solution 
influences limiting current density, as does the Nernst diffusion layer thickness. Since 
high potential scan rates do not allow the Nernst diffusion layer time to attain steady- 
state conditions, the thickness of this layer becomes diminished with increased scan 
rates, resulting in the higher diffusion limiting current densities observed. Similar 
discussion can be made for the peak current densities shown in these plots, since, they 
too, are influenced by diffusion layer thickness. 
From this work, a metal concentration of around lOg/l metal salt and a potential scan 
rate of 400mV/min were deemed sufficient to give sharp, well defined current density 
dependencies with respect to overpotential, and reasonably short test durations. 
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14.1.2 Effects Of PTFE Additions 
The following figures present typical results of cathodic polarisation studies carried 
out on mild steel electrodes in various dilute acidic electrolytes, both with and without 
PTFE additions. The raw data can be found in Appendix D. 3.1. 
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Figure 128, Cathodic polarisation curves obtained for mild steel in Na2SO4 
solution. 
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Figure 129, Cathodic polarisation curves obtained for mild steel in zinc 
electroplating solution. 
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Figure 130, Cathodic polarisation curves obtained for mild steel in cobalt, and 
zinc-cobalt electroplating solutions. 
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Figure 131, Cathodic polarisation curves obtained for mild steel in nickel, and 
zinc-nickel electroplating solutions. 
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As can be seen from Figure 128, addition of PTFE to a suitably conductive medium, 
in this case sodium sulfate (a supporting electrolyte which does not take part in the 
electrochemical reaction), shows that the polymer does not undergo any 
electrochemical reduction processes during polarisation. Nor do the surfactants 
required to maintain the particles in suspension. This is apparent since the polarisation 
curves are of a similar shape, both with and without PTFE additions. The peak 
occurring at approximately -1100mV (vs. SCE) may have been due to the reasons 
given in section 14.1.1 for the sight plateau region observed in Figure 125. 
Figure 129 shows that zinc nucleates on mild steel at a similar potential to that for the 
current density peak noted above (approx. -1l00mV vs. SCE). After nucleation of 
zinc and subsequent bulk metal deposition, the whole polarisation curve appears to 
have become gradually shifted to more cathodic potentials upon addition of PTFE to 
the electrolyte (i. e. for a given potential the current density became slightly lowered 
when PTFE was present in solution). This effect is most obvious at the peak and 
limiting current densities. A possible explanation for such behaviour is that PTFE 
present in solution competes with zinc cations for active sites on the electrode surface. 
Since current density is governed by cation reduction on the electrode, if sufficient 
PTFE became adsorbed on the electrode surface, then the number of active sites for 
cation adsorption and reduction (metal deposition) would become diminished. 
Alternatively, PTFE particles present in the diffusion layer, drawn there by 
electrophoresis, might prevent subsequent diffusion of metal cations through this 
layer. If so, then the concentration of metal cations within the diffusion layer would 
be lowered, while the diffusion layer thickness could become increased, resulting in 
the observed decrease in current density. In section 9.3, it was stated that solution 
conductivity decreases with increasing PTFE concentration, suggesting that solution 
resistance also increases with PTFE additions. Therefore, a greater potential may be 
required to drive the reaction, resulting in a lower current density for a particular 
overpotential. 
The above findings of increased polarisation and decreased limiting current are not in 
agreement with those of others [70"741, who noted either a depolarisation of the electrode 
and/or increased limiting current upon particle additions to the electrolyte. However, 
much of this work was carried out using rotating electrodes, or flow cells, whereas the 
present investigations were conducted under quiescent conditions. Rotating 
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electrodes, in particular, have been proven to cause dispersed particles to rotate in 
solution, near to the electrode surface, causing micro-convective eddies to be 
produced. These eddies then increase the mass transfer of ionic species towards the 
electrode surface, resulting in higher current densities at a given overpotential'721. 
Further evidence that fluid hydrodynamics affect polarisation behaviour can be found 
in the work by SUZUKI et a11731, who found that at low flow velocities, alumina 
particles lowered the current density at any given potential in a similar manner to that 
shown in the present work, while high flow velocities tended to depolarise the 
electrode, resulting in higher current densities. GIBBONS et a1[721 mentioned that this 
increased mass transport was quite surprising, especially after consideration of the 
bulk properties of colloidal suspensions. They then stated that "the addition of solids 
decreases the effective concentration of reactant, increases the effective viscosity, and 
decreases the cross-sectional area available for mass flux. Such behaviour should 
decrease the rate of mass transfer in suspensions". 
The polarisation curves obtained from electrolytes containing both zinc and cobalt 
cations, Figure 130, demonstrated two peaks, one occurring at -910mV (vs. SCE) and 
the other at -1220mV (vs. SCE). The first peak was initially thought to be due to 
cobalt reduction. This was verified by obtaining polarisation plots from a solution 
containing just cobalt cations, while the second peak can be related to zinc reduction 
due to its occurrence at a similar potential to the peak observed in Figure 129. 
Similarly, the polarisation curves obtained from electrolytes containing zinc and 
nickel cations (Figure 131) demonstrated two reduction peaks, the first of which 
occurred at a potential of approximately -870mV (vs. SCE). By carrying out 
additional polarisation studies in a solution containing just nickel cations, this was 
proven to be caused by nickel reduction on the electrode. It will also be noted that 
there are some slight ripples in the limiting current plateau regions of the plots 
obtained from both of these dual cation electrolytes. These are believed to have been 
caused by slight increases in mass transport due to micro-convection resulting from 
hydrogen evolution, or by the deposition of different alloy phases at particular 
overpotentials. SUZUKI AND WADA11711 also noted slight inflections upon 
cathodically polarising zinc/zinc chloride composites in 5% NaCl solution, attributing 
the observed peaks to the reduction of various zinc hydroxychlorides. Therefore, 
another possible explanation for the behaviour noted above, is that various hydroxides 
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may have formed on the electrode surface during polarisation. Further evidence of this 
was found upon visual inspection of a polarisation test performed in a solution 
containing just nickel species. During this test, a large gelatinous mass was observed 
to develop on the electrode at a potential similar to that at which a second peak 
formed on the polarisation curve. Upon conducting tests in zinc-cobalt and zinc-nickel 
electrolytes containing PTFE, the amount of polarisation observed in these solutions 
appeared to eliminate the more noble metal reduction peaks almost entirely. The 
limiting current density for cobalt reduction was quite notably lessened, while that for 
nickel reduction was only slightly lowered. These results appear to provide further 
evidence that the presence of PTFE inhibits deposition of the more noble alloying 
element during zinc alloy formation, as discussed in section 10.3.4.2. The presence of 
PTFE in solutions containing zinc-cobalt and zinc-nickel appeared to lower the 
limiting current density for zinc reduction, as found in the polarisation studies carried 
out on electrolytes containing just zinc. 
It will be noted that, from the raw data presented in Appendix D. 3.1, the trends noted 
above were reasonably reproducible, although very slight deviations were observed in 
the data obtained from electrolytes containing zinc and cobalt or nickel cations. This 
indicates that PTFE does actually affect metal deposition, and that the effects 
observed were not due to variability in the data. 
14.2 Anodic Polarisation Studies 
Anodic polarisation studies were conducted on a number of materials, immersed in 
3.5% sodium chloride solution, in order to obtain a greater insight into their corrosion 
behaviour. The materials tested were as follows: zinc and zinc-cobalt (conventional 
and composite) coatings electrodeposited at 5A/dm2 using maximum vibratory 
agitation, commercially deposited cadmium, and the aluminium alloys 2014-T6 and 
7075-T6. Tests were also carried out on mild steel and zinc foil to further investigate 
the `passive' behaviour observed with some of these materials. Typical results of 
these investigations are given in the following figures, while the raw data can be 
found in Appendix D. 3.2. 
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Figure 132, Anodic polarisation curves for electrodeposited zinc, 
electrodeposited cadmium, zinc foil and mild steel immersed in 3.5% NaCl 
solution (8µm nominal coating thickness). 
600 
400 
200 
of W 
(I 
"200 
E 
"400 
ö 
a 
-600 
-e00 
-1000 
-1200 
0.001 0.01 0.1 1 10 100 1000 
Current Density (mA/cm) 
-Zinc -Zinc/(43.3%)PTFE 
Figure 133, Anodic polarisation curves for electrodeposited zinc and 
zinc/(43.3%)PTFE immersed in 3.5% NaCl solution (84m nominal coating 
thickness). 
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Figure 134, Anodic polarisation curves for electrodeposited zinc-cobalt and zinc- 
cobalt/(34.2%)PTFE immersed in 3.5% NaCl solution (8µm nominal coating 
thickness). 
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Figure 135, Anodic polarisation curves for aerospace aluminium alloys (2024-T6 
and 7075-T6), and electrodeposited cadmium (89m nominal coating thickness) 
immersed in 3.5% NaCl solution. 
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As can be seen from the above figures, each of the electrodeposited coatings 
demonstrated `passive' type behaviour, where a region of the anodic polarisation 
curve demonstrates a decrease in current density with increasing potential. 
GIRIDHAR AND VAN OOii 173j obtained similar results in their work on zinc and 
zinc-cobalt alloy deposits, attributing this behaviour to rapid dissolution of the surface 
coating, resulting in exposure of the underlying steel. Upon anodic polarisation from 
the rest potential, the surface coating corrodes, accompanied by a sharp increase in 
current density, until small areas of the underlying steel become exposed. With 
continued polarisation, the current density falls to a lower value caused by an increase 
in the surface area of exposed steel, which is cathodic in this potential range. 
Reduction of dissolved oxygen to form hydroxyl ions at these localised cathodic sites 
was said to not only consume a fraction of the electrons generated by anodic 
dissolution of the coating, but also lead to a steady rise in pH at the electrode surface. 
These authors then stated that the former effect serves to increase dissolution of the 
coating, further increasing the surface area of exposed steel, which results in a 
decrease of the current density. The formation of hydroxyl ions at the cathodic sites 
would result in a pH rise on the electrode surface, causing precipitation of zinc 
corrosion products at these sites (due to corrosion of the zinc coating, and 
dezincification of the zinc-cobalt alloys). Once all of the remaining coating had been 
removed, the entire surface of the electrode was believed to have been covered 
entirely with a `passive' film of zinc corrosion products. Upon continued polarisation 
of the surface, current density was observed to remain constant, until a critical 
potential was reached (approximately -400mV (vs. SCE)), where the protective film 
was reported to have broken down, resulting in anodic dissolution of the steel 
substrate. The data presented in Figure 132 appears to support this theory, since the 
polarisation behaviour of electrodeposited zinc and zinc foil follow a similar path 
until the primary passive potential (Epp) is reached. At this point, a peak in the anodic 
current density (G; t) for electrodeposited zinc is observed followed by a decrease to a 
lower value (ipass), while that for zinc foil continued to rise. The reason that zinc foil 
did not demonstrate passive behaviour is that there were no cathodic sites present on 
its surface, so the conditions stated above were not achieved. After the region of 
`passive' behaviour observed for electrodeposited zinc, the current density was found 
to increase again, following a similar trend to the polarisation curve obtained for a 
blank mild steel sample. This indicates that corrosion of the underlying steel substrate 
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was occurring. However, it will be noted that the polarisation behaviour in this 
transpassive region did not exactly follow that for mild steel. 
GIRIDHAR AND VAN OOIJ[1731 stated that the zinc corrosion products constituted a 
`passive' film on the electrode surface. However, it is believed that this film of 
corrosion products was not truly a `passive' film in the strictest sense, but it could 
have provided additional protection to the underlying steel substrate by means of 
barrier mechanisms. Once the active potential for iron is reached, it is feasible that the 
steel substrate, itself, could passivate due to highly alkaline conditions set up at the 
exposed steel sites during removal of the coating layer[1901. Continued polarisation 
would ensure that any remaining zinc was removed, and the steel would become 
increasingly more anodic. This would result in a lowered rate of oxygen reduction and 
subsequent loss of the higher pH conditions required for passivity. Eventually, pH 
conditions of the bulk solution would be re-achieved at the steel surface. As a result of 
this, and defects in the passive film (frequently the case in chloride containing media), 
localised pitting corrosion of the metal would result, and the polarisation curve would 
tend towards that of uncoated steel as observed in the figure. As mentioned in the 
previous paragraph, the polarisation behaviour in this transpassive region did not 
exactly follow that for uncoated mild steel, with the current density being lower in 
magnitude for a given potential. This is believed to have been caused by the protective 
barrier film of zinc corrosion products and the slightly protective magnetite iron oxide 
film present on the steel surface. These would inhibit anodic dissolution of the steel 
substrate, and only when both of these protective films become removed/broken-down 
could corrosion of the steel substrate follow that of an uncoated sample. Similar 
observations to those made for electrodeposited zinc can be made for the polarisation 
behaviour of cadmium coated steel, also shown in Figure 132 for comparison. This 
provides further evidence that the `passive' behaviour observed was most likely 
caused by a combination of the formation of magnetite, and an inhibitory barrier film 
resulting from corrosion of the coating. Additional supporting evidence that a mildly 
protective film forms on the steel surface can be found in the observations made 
during neutral salt-spray tests; during which, it was noted that a black oxide (thought 
to be magnetite, Fe304) formed prior to the onset of red/brown corrosion (Fe2O3), see 
sections 11.1.1 and 11.1.2. 
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The mechanisms discussed in previous paragraphs could provide an additional 
explanation for the potential drift with time found in the galvanic corrosion studies 
(see section 11.3.1). Since steel is more noble than other materials in the galvanic 
couple, an increase in surface area of this material, due to preferential corrosion of the 
electrodeposited coating, could lead to a subsequent ennoblement of the cell potential, 
as observed. 
Several variations in the polarisation behaviour between conventional and composite 
coatings can be found in the data presented in Figure 133 and Figure 134. These were 
most likely brought about by the presence of PTFE in the composite coatings. For 
both the electrodeposited zinc and zinc-cobalt coatings, the presence of PTFE served 
to increase ipass. This was probably caused by the formation of a less protective 
passive film on the steel that contained many defects or pores, allowing the substrate 
to corrode at an increased rate. Defects/pores in the passive film could occur as a 
direct result of PTFE particles being present on the electrode surface. Additionally, in 
the plots obtained for zinc/PTFE composites, Figure 133, a slight step in the region of 
`passive' behaviour can be observed, which was probably caused by rapid degradation 
of the `white layer'. Up to the point at which this adsorbed layer of PTFE became 
removed from the surface, some zinc would still be present, resulting in a slightly 
higher current flow. Upon complete removal of the `white layer', this remaining zinc 
would undergo rapid dissolution and the current density would fall to a lower value as 
a greater surface area of steel became exposed. The `passive' region found with 
zinc/PTFE coatings extends over a larger range of potentials than that for 
conventional zinc deposits. This is probably due to the very large concentrations of 
PTFE found within, and on the surface, of these coatings. Consequently, the surface 
would not be so easily wetted, and the zinc might be more reluctant to undergo anodic 
dissolution, resulting in greater protection of the underlying steel. Also from this data, 
it can be seen that i, r; t for the composite coatings was decreased, indicating that the 
rate of corrosion at this point was also lowered, possibly brought about by the low 
wettability of these coatings. The zinc-cobalt/PTFE composites, however, 
demonstrated slightly different behaviour. These showed an increase in i, i1 when 
compared with the conventional zinc-cobalt deposits. Presumably, this was caused by 
differences in alloy composition. Since the composite coatings possessed a lower 
concentration of cobalt when compared to the conventional deposits, these can be 
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expected to corrode at an increased rate, which would manifest itself as a higher 
current density. Additionally, these effects would be further exaggerated by cobalt 
enrichment of the outer surface by dezincification, since the composite coating would 
not form such a thick cobalt-rich layer as the conventional coatings. This might also 
account for the more narrow range of potentials over which `passive' behaviour was 
observed for the zinc-cobalt/PTFE composite coatings, when compared to 
conventional zinc-cobalt deposits. Increased zinc dissolution from the latter coatings 
by dezincification, as noted above, might lead to very rapid exposure of the 
underlying steel substrate, and hence the onset of their `passivation' at lower 
overpotentials. Since the composites possessed a protective `white layer' of PTFE, 
some of the surface might remain uncorroded over a wider potential range offering 
greater protection to the steel substrate. 
As can be seen in Figure 135, the polarisation behaviour of electrodeposited 
cadmium, up to i, lr, was almost identical to that of the aluminium alloy 7075-T6, 
providing further evidence of their excellent galvanic compatibility. Also, very slight 
passive behaviour, occurring at low overpotential, can be observed on the plot for 
7075-T6 aluminium alloy. Since this was a sheet of wrought material, this is believed 
to be `real' passivation, as opposed to the pseudo passivation noted previously for the 
electrodeposited coatings. The aluminium alloy 2014-T6 did not demonstrate any 
passive behaviour whatsoever, presumably because of imperfections in its oxide film 
caused by the presence of copper-aluminium based intermetallics. Both of these alloys 
exhibited a step increase in current density at a potential of approximately 700mV (vs. 
SCE). This is not believed to be part of the anodic polarisation behaviour, but a 
function of the instrumentation employed to carry out these investigations (automatic 
internal counter resistor switching to select the potentiostat output range). 
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15 General Discussion 
In this section, various coatings developed throughout the period of research have 
been evaluated with respect to their suitability as a cadmium replacement. Following 
this, suggestions for further work, if the duration of research was to be extended, are 
presented. Finally, possible alternative uses for the coatings are suggested, before 
closing with a few remarks on cadmium replacement in general. 
15.1 Evaluation Of The Coatings 
Both conventional and composite electrodeposits, based on zinc and zinc-cobalt 
matrices, have been evaluated with respect to their suitability as a possible substitute 
for electrodeposited cadmium. Selections can be made by guesswork, intuition, 
experience, or purely by arbitrary decision-making. However, it is better if the choice 
is made by some more rational/open procedure. Evaluation was carried out using the 
weighted objectives method, an approach often employed by design engineers to give 
a systematic and unbiased opinion of the best possible alternative"911. The procedure 
and results of this evaluation process can be found in Appendix E. It will be noticed 
that the full range of coatings were not assessed in this manner, owing to the fact that 
some of these showed weaknesses in certain aspects of the research; and as such did 
not undergo the full compliment of characterisation tests. 
The outcome of this evaluation process was that electrodeposited cadmium proved to 
be the best coating system out of all those tested. This is hardly surprising, since none 
of the other coating systems had received any significant amounts of optimisation. 
The best alternative to electrodeposited cadmium appeared to be the zinc-cobalt/PTFE 
composite containing 0.2wt. % cobalt and 34.2vol. % PTFE (deposited at 5A/dm2). 
However, it should be recognised that the corrosion performance of this coating was 
inferior to that of electrodeposited cadmium, but its tribological properties were 
superior. Although it should be remembered that the coefficient of friction for this 
coating was actually lower than that of electrodeposited cadmium and an ideal 
substitute would have similar tribological properties. 
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15.2 Further Work 
With any research project, it is often found that questions answered lead to further 
questions, and there is a great deal of additional work which could be carried out, 
given more time. Sometimes these additional studies are not carried out because they 
are not directly related to the project. The present research is no exception. 
Work carried out over the duration of this research was centred around the formation 
and characterisation of zinc and zinc alloy composite coatings. Zinc was selected as a 
base system with which to compare back to. It was selected on the basis that it is a 
relatively simple, and hence well understood coating system. Zinc-cobalt and zinc- 
nickel alloy coatings were selected in preference to zinc-iron or the other zinc 
containing alloys due to their greater popularity and wider acceptance by industry 
throughout the world. However, it might be interesting to investigate the effects of 
particle codeposition with some of the other zinc containing alloys. Electrodeposited 
aluminium composites were not attempted either, due to the complex nature of the 
electrolytes which must be used (i. e. non-aqueous solutions), but again it might prove 
fruitful to make some preliminary investigations. 
In the present studies, no attempts were made to form chromate conversion coatings 
on the deposits. It is believed that chromating, and related processes, could prove 
extremely difficult on the composite electrodeposits, because of their inherent 
hydrophobicity. However, these difficulties might be overcome by codepositing 
chromate salts with the composite coating, thereby creating a `self-chromating 
coating' [1921 . For such a process to 
be successful, the chromate salts must be insoluble 
in the electroplating bath. If difficulties did arise with the solubility of these salts, then 
it might be possible to obtain a similar effect by the codeposition of microcapsules 
that contain a small amount of the chromating solution. 
Another interesting possibility, which should be explored, is the concept of composite 
coating deposition from gel electrolytes. Such a system has the benefit that few, or no, 
surfactants would be required to hold the particles in suspension, since excessive 
concentrations of surfactants are known to be detrimental to coating quality. If particle 
codeposition proved possible from gel electrolytes, these would have the added 
benefit of being cleaner to operate than conventional wet electrolytes, with no spray 
being generated during their use. Additionally, these could provide a novel method of 
repairing damaged coatings, or even of applying such coatings `in the field'. 
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In the present research, no attempts were made to codeposit other solid lubricant 
particles, such as those discussed throughout section 6, with the metals. Therefore, it 
might prove interesting to carry out some preliminary investigations into the 
deposition and physical properties of coatings containing these different particles. 
It would be interesting to carry out further investigations to completely characterise 
the codeposition of PTFE with zinc and zinc alloys, and attempt a fit to Guglielmi's, 
or other, codeposition models. Continued studies should be carried out where bath 
parameters such as temperature and pH are varied, since these might have quite 
dramatic effects on metal deposition and/or PTFE codeposition. Additionally, other 
forms of bath optimisation, such as investigating the effects of addition agents (e. g. 
levelling agents, brighteners, etc. ) might prove useful. This could lead to a `pilot' 
scale investigation into the industrial applicability of this particular composite 
electrodeposition process. During such tests, other forms of electrolyte agitation might 
be worthy of characterisation, such as barrel electroplating and electrolyte pumping 
(flow cells). This latter point could, in turn, lead to a brief series of experiments 
investigating the effect on particle codeposition of using eductor technology [1931. Due 
to the rather expensive nature of cobalt salts, it would be extremely beneficial, from 
an industrial viewpoint, to determine the effects, if any, of lowering the overall metal 
salt concentration in solution. A good starting point for such an investigation would 
be to halve the total zinc and cobalt concentrations, thus lowering the cost 
considerably. 
Continued research into zinc-nickel/PTFE deposition might prove advantageous, 
particularly with respect to solving the problems associated with the nickel content of 
these coatings, since they could provide further enhancements with respect to salt- 
spray corrosion resistance. The use of pulsed electroplating might prove useful in such 
studies. Additionally, pulsed electroplating techniques could allow the deposition of 
coatings having modulated compositions (modulation of both the alloy composition 
and the PTFE composition). This might allow the production of coatings that possess 
a low PTFE content at the substrate, which increases up to a maximum at the outer 
surface. Such coatings could provide improved corrosion resistance because of the 
greater volume of metal at the substrate, while retaining a low coefficient of friction. 
Another method of obtaining such coatings is to use two separate electrolytes to 
deposit the layered structure. This would have the benefit of being able to use a 
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relatively inexpensive and easy to operate conventional electrolyte to deposit a layer 
having excellent corrosion performance. Following this, a more expensive composite 
layer could be deposited as a `top-coat' to provide the required low friction properties. 
Further linear polarisation resistance testing, carried out after immersion in NaCl 
solution for a set period of time, would be particularly beneficial to obtain information 
regarding the changes in corrosion performance of the zinc alloys caused by 
dezincification. This work should also be carried out for the composite coatings to see 
what long-term effects the PTFE has on polarisation resistance. Continued 
characterisation of the physical properties of these coatings could also prove fruitful; 
particularly cupping or bend tests to determine how well the coatings are adhered to 
their steel substrates. 
15.3 Alternative Uses Of The Coatings 
It is envisaged that the coatings investigated in this work could find widespread 
applications other than replacing cadmium on threaded fasteners in aerospace 
applications. Some other uses for electrodeposited metal/PTFE composites have been 
described in the literature review (see the various sub-sections of section 2.5), 
however, it is felt that these are by no means exhaustive. YAMAUCHI et a1t1941 
reported the development of PTFE composite coatings which could be spray coated 
(note that these were not electrodeposited composites! ), suggesting that they could be 
applied to antennas for use in snowy regions. Presumably, to prevent a build up of 
snow on the antenna, which might ultimately lead to its failure. The coatings 
developed in the present research might also be of benefit in such situations. 
Additionally, they could be applied to various vehicles or aircraft exposed to extreme 
cold conditions, where their low wettability might be beneficial in preventing the 
build up of ice on critical components. This might be very important for aircraft 
operating in arctic or very high altitude conditions, where fuel savings could be made 
due to not carrying a payload of ice. Another, more down to earth application, to 
which these coatings may be highly suited, is in unlubricated low speed plain 
bearings, where their inherent self-lubricating properties would be extremely 
beneficial. This inherent self-lubricity might also prove beneficial during the 
`running-in' of conventionally lubricated bearings. The coatings may also be quite 
well suited to anti-fouling applications where their non-stick properties could prevent 
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the build up of surface debris, or allow its easy removal. Their non-wetting 
characteristics could also prove useful for coating some of the components found 
within fluid pumps, where the low wettability of these coatings might decrease the 
hydrodynamic boundary layer thickness, thereby increasing the pump throughput 
efficiency. 
15.4 Closing Remarks 
From the work presented in this research, and that of others, it is firmly believed that, 
with current technology, no single coating system will be able to offer a universal 
substitute for electrodeposited cadmium. However, different coatings might be able to 
address some of the specific applications of cadmium. This was the approach taken in 
the present research. Conventional zinc alloy deposits are known to possess good 
corrosion resistance, which is often on a par with cadmium when using commercial 
electroplating systems, but their tribological properties are often inferior. This latter 
point is where electrodeposited or chemically deposited zinc/PTFE and nickeVPTFE 
composite coatings have been proven to excel. Therefore, by combining these two 
technologies it has been possible to deposit coatings having both good corrosion 
resistance and a low coefficient of friction, making the coatings highly suited to 
cadmium replacement on aerospace fasteners. However, because of the electrically 
insulative `white layer' of adsorbed PTFE present on the surface of these coatings, 
they would not be particularly suited to cadmium replacement on electrical contacts. 
Possibly, future advances in materials and coatings technology might allow a single 
replacement for electrodeposited cadmium to be developed, but continued research is 
necessary. Nevertheless, the coatings investigated in the present work could offer an 
interesting insight into the future. 
It is interesting to note that, in 1991, HADLEY[261 stated "in many critical applications 
no substitute has been found and a universal substitute probably never will be". 
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16 Conclusions 
16.1 Electrodeposition Of Composite Coatings 
" It was possible to codeposit submicron sized PTFE particles (approximately 
0.2µm diameter) with zinc and zinc alloys. 
16.1.1 Zinc/PTFE Deposition 
"A standard alkaline electroplating bath, containing proprietary non-ionic PTFE 
dispersions, was initially used to codeposit zinc/PTFE composites. Agitation of 
the solution was necessary to prevent sedimentation of the PTFE particles. 
Various types of solution agitation were used (stirring, air sparging and vibratory 
agitation), with vibratory agitation proving to give the greatest amount of PTFE 
codeposition (up to 7.8vol. %). These coatings typically demonstrated two 
different surface morphologies. The first type of coating appeared to be highly 
streaked upon visual inspection, demonstrating a nodular morphology upon 
investigation with the scanning electron microscope. These nodules tended to 
favour PTFE codeposition, while the remainder of the coating was relatively thin 
and appeared to possess very little PTFE. The second type of coating had a more 
uniform and smooth visual appearance, but was highly porous upon inspection 
under the electron microscope. 
9A sedimentary deposition technique allowed greater PTFE Codeposition from the 
non-ionic alkaline bath (up to 25.7vol. %). However, very low current densities 
(0.06A/dm2 and 0.2A/dm2) had to be used in order to prevent the formation of 
`burnt' and powdery deposits. The coatings obtained by this method demonstrated 
either a porous morphology, with nodular growths present on the surface, or a 
dendritic morphology, made up from a series of interlinked platelets. Heat- 
treatment of these deposits had little effect on the PTFE and only served to oxidise 
the zinc matrix, causing a slight discolouration of the coating. 
" Little PTFE codeposition (up to 2.4vol. %) was achieved using an acid zinc bath 
containing a proprietary anionic PTFE dispersion. 
The greatest amounts of PTFE codeposition were achieved using an acid zinc bath 
containing a cationic PTFE dispersion. This allowed composites possessing up to 
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46. Ovol. % PTFE to be deposited at a bath PTFE concentration of 30g/1. This 
system gave a stable PTFE suspension without the need for subsequent agitation. 
9 The percentage of PTFE codeposited with zinc, from the cationic acid bath, varied 
according to the concentration of particles present in the electrolyte, with 
increased codeposition at the higher concentrations. This trend could be described 
by a Langmuir adsorption isotherm, as noted by GUGLIELMI11171. PTFE 
codeposition from this bath was little affected by agitation type or rate, probably 
because laminar flow conditions were maintained at all times, but it was quite 
strongly dependent upon electric field, varying with current density (higher 
current densities giving increased codeposition). 
" Composites produced from the cationic acid electrolyte demonstrated a nodular 
morphology, with coatings deposited at low current densities (0.625A/dm2) 
resembling those produced from non-ionic alkaline electrolytes. Unlike the 
composites formed from alkaline electrolytes, the PTFE particles were uniformly 
distributed through the coating section, while an adsorbed `white layer' of PTFE 
was observed to form on top of the coatings, giving them hydrophobic properties. 
" The presence of PTFE in the electroplating bath served to lower solution 
conductivity (approximately 21% reduction for a bath PTFE concentration of 
30g11), so higher current densities had to be used when compared to the standard 
electrolytes. This decrease was linearly proportional to the concentration of PTFE 
present in solution. 
16.1.2 Zinc AIIoy/PTFE Deposition 
" Zinc-cobalt/PTFE composite coatings were deposited from alkaline electrolytes 
containing proprietary non-ionic PTFE dispersions. However, the percentage of 
PTFE codeposition from this solution was very low (maximum of 2. Ovol. %), 
unless the bath contained a low cobalt concentration (0.15g/l Co metal); then 
codeposition approached similar values to those obtained from the non-ionic 
alkaline zinc/PTFE electrolytes (up to 6.9vol. %). 
" Zinc-cobalt/PTFE composites were also deposited from acidic electrolytes 
containing a cationic PTFE dispersion, as were zinc-nickel/PTFE composites. 
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However, chloride based zinc-nickel baths caused the cationic PTFE dispersion to 
flocculate. 
" These alloy coating systems demonstrated anomalous type deposition behaviour 
typically associated with the electrodeposition of conventional zinc-cobalt and 
zinc-nickel alloy coatings. However, PTFE present in the electrolyte suppressed 
deposition of the noble alloy element, appearing to behave in a manner similar to 
ý'as that of the hydroxide precipitates thought to cause anomalous deposition, t69] 
This effect was more apparent with the zinc-nickeUPTFE composites. 
" The percentage of PTFE codeposited with these acidic zinc-cobalt and zinc-nickel 
alloys was less than that codeposited with acid zinc for like electrolysis conditions 
(up to 39.6vol. % for Zn-Co/PTFE, and 43.4vol. % for Zn-Ni/PTFE), and was 
strongly dependent upon current density. 
16.2 Corrosion Performance 
9 In neutral salt-spray tests, electrodeposited cadmium gave the best performance of 
all the coatings tested (above 77 hours to white corrosion, and 753 hours to red 
corrosion), and produced a low volume corrosion product. 
" Conventional zinc and composite zinc/PTFE coatings deposited from acidic 
electrolytes gave very poor salt-spray performance, forming a voluminous white 
corrosion product after just 6-7 hours and red corrosion after 21-50 hours. 
Zinc/PTFE composites produced from alkaline electrolytes gave slightly improved 
performance offering approximately 16.5 hours to the formation of a white 
corrosion product, and up to 48 hours for red corrosion. 
" The zinc-cobalt and zinc-nickel alloys gave improved corrosion performance over 
the conventional zinc deposits, producing white corrosion products having a lower 
volume than those formed on zinc: 
  Up to 25.75 hours to white corrosion, and 317.5 hours to red corrosion for 
zinc-cobalt alloys from an alkaline bath, with the best performance being 
obtained at higher cobalt percentages (2.4wt. % Co) in the coating. 
  Up to 20 hours to white corrosion, and 104 hours to red corrosion for zinc- 
cobalt alloys from an acid bath, with the best performance being obtained 
at lower cobalt percentages (0.5wt. % Co) in the coating. 
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  Up to 19 hours to white corrosion, and 212 hours to red corrosion for zinc- 
nickel alloys from an acid bath, with the best performance being obtained 
at higher nickel percentages (6.3wt. % Ni) in the coating. 
" The presence of PTFE in these coatings affected their corrosion performance in 
two ways: 
  PTFE increased the corrosion resistance of zinc-cobalt alloys deposited 
from an acidic electrolyte (up to 62 hours for white corrosion, and 149.5 
hours for red corrosion). 
  PTFE increased the white corrosion resistance of zinc-nickel alloys, 
deposited from an acidic electrolyte, to 24 hours. However, the time to red 
corrosion for these coatings was lowered to 46 hours, presumably due to 
the significantly lowered nickel content of these coatings. 
" Measurement of the linear polarisation resistance (RP) for a number of the coatings 
showed values ranging from 3852 to 29652, indicating that all of the coatings 
demonstrated similar barrier corrosion resistance on fresh surfaces. Alkaline 
Zn/(6.3%)PTFE coatings showed the lowest values of RP, probably due to their 
nodular morphology, where extremely thin (or even non existent) regions of the 
coating lying between these nodules could cause subsequent interactions with the 
steel substrate. The highest values of Rp were obtained from the acid 
Zn/(43.3%)PTFE coatings, which possessed a more uniform thickness 
distribution, resulting in fewer interactions with the steel substrate. 
" During galvanic coupling, the current flowing in each cell was initially quite high, 
but decayed to a lower value as the test progressed. Additionally, the (mixed) 
potential of the couple started off at a value similar to that of the uncoupled free 
corrosion potential of the coating, gradually drifting towards that of the uncoupled 
aluminium alloy. This effect was more pronounced for the couples containing 
7075-T6 aluminium alloys. In these couples, the initial value of current was 
slightly higher than that found with those containing a 2014-T6 aluminium alloy, 
but quickly decayed to a similar or slightly lower value. 
" In some of the couples containing zinc-cobalt alloys, the current was observed to 
change sign, so that the coating initially corroded, but towards the end of the test, 
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it was the aluminium alloy which corroded preferentially. This effect has been 
attributed to dezincification of the zinc-cobalt coating. 
" Weight loss measurements carried out on the aluminium alloys after coupling 
showed that for the majority of couples the corrosion rate of these alloys was 
increased. This effect was most noticeable for 2014-T6 coupled to acid zinc 
deposited at a low current density (0.625A/dm2), and 7075-T6 coupled to acid 
zinc-cobalt deposited at low current density (0.7A/dm2). However, not all couples 
accelerated corrosion of the aluminium alloys, since those containing cadmium 
dramatically lowered the corrosion rate of these alloys. A zinc- 
cobalt/(34.2%)PTFE composite deposited at 5A/dm2 appeared to offer the next 
best performance from a galvanic compatibility perspective. 
16.3 Tribological Performance 
" The coefficient of friction (u) was determined for some of the coatings using an 
inclined plane tribometer that was designed and built `in-house'. Both the 
conventional zinc and zinc-cobalt coatings demonstrated higher values of u than 
electrodeposited cadmium (Zn, ,u=0.69-0.73; 
Zn-Co, u=0.79-0.96; Cd, p= 
0.53). The presence of PTFE in the coatings served to decrease the coefficient of 
friction of zinc and zinc-cobalt coatings to values far below that obtained for 
cadmium (Zn/PTFE,, u = 0.19-0.24; Zn-Co/PTFE,, u = 0.18-0.35). 
9 Values for the coefficients of friction similar to those obtained above were 
observed in reciprocating wear tests (line contact situation). However, during 
these tests, the conventional coatings demonstrated particularly severe wear 
behaviour, resulting in rapid steel-on-steel contact, with large variations in the 
coefficient of friction. Electrodeposited cadmium also demonstrated fluctuations 
in the coefficient of friction, but these were far smaller in value than those 
observed for zinc and zinc-cobalt coatings. The metal/PTFE composites showed a 
more uniform type of behaviour, with little or no variation from a constant steady- 
state coefficient of friction. 
" Reciprocating wear tests were also conducted using area contact specimens in 
attempts to alleviate the severe wear behaviour observed for conventional coatings 
in line contact tests. The coefficient of friction in these tests was slightly higher 
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than that measured during line contact tests. The composite coatings having a high 
PTFE content (Zn/(43.3%)PTFE and Zn-Co/(34.2%)PTFE) demonstrated similar 
behaviour to electrodeposited cadmium after an initial period of `running-in'. 
16.4 Pulsed Electrodeposition Of Composite Coatings 
9 Pulsed current appears to have little effect on the percentage of codeposited PTFE 
present in the zinc/PTFE composite coatings. Similar effects were also noted for 
zinc-cobalt/PTFE composites deposited at a mean current density of 5A/dm2. 
However, when deposition was carried out at a mean current density of 
0.625A/dm2, the percentage of codeposited PTFE present in these coatings 
showed a dependency upon duty cycle (i. e. as duty cycle was increased, the 
percentage of codeposited PTFE decreased). 
16.5 Cathodic Polarisation Studies 
o These studies also showed that neither PTFE nor the surfactants required to 
disperse the polymer underwent any significant electrochemical reduction 
processes during polarisation. However, PTFE did cause the current 
density/potential relationship for an acid zinc electrolyte to become increasingly 
displaced, where a more cathodic potential was required to obtain a given current 
density. The limiting current density for zinc deposition also became lowered 
when PTFE was present in the electrolyte. 
" Electrolytes containing either cobalt or nickel ions along with the reducible zinc 
species demonstrated two current density peaks in their polarisation behaviour. 
One of which corresponded to zinc deposition, while the other was proven to be 
caused by the presence of these other reducible cations. Addition of PTFE to the 
solutions served to almost entirely eliminate these additional peaks. However, the 
limiting current density for nickel deposition was only slightly lowered in 
magnitude, while that for cobalt deposition was significantly lowered. These 
factors provide further evidence that PTFE suppresses deposition of the more 
noble alloy element during zinc-cobalt and zinc-nickel alloy deposition. 
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9 Anodic polarisation studies carried out on some of the coatings, immersed in 3.5% 
sodium chloride solution, showed `passive' type behaviour. However, this was not 
believed to be `real passivity', but pseudo-passive behaviour caused by rapid 
dissolution of the coating exposing the underlying steel substrate, since a zinc foil 
sample did not show such behaviour. Additionally, the polarisation curve followed 
a similar path to that of uncoated mild steel in the region following this 
`passivity'. Upon anodic polarisation of the composite coatings, larger current 
densities were observed in the region of `passive' behaviour when compared to 
those found for the conventional coatings. 
" Electrodeposited cadmium samples tested in this manner demonstrated very 
similar polarisation behaviour to 2014-T6 and 7075-T6 aluminium alloys, until 
reaching the region of `passive' behaviour mentioned above. This is indicative 
that the cadmium coating and the aluminium alloys have very similar corrosion 
behaviour, possibly accounting for their excellent galvanic compatibility. 
16.7 Closing Conclusion 
9 The final conclusion which can be drawn from this work is that the zinc- 
cobalt/PTFE composite (containing approximately 34.2 volume percent PTFE and 
0.2 weight percent cobalt) demonstrated a coefficient of friction lower than that of 
cadmium, and good galvanic compatibility with aerospace grade aluminium 
alloys, but had inferior corrosion characteristics. Therefore, of the systems 
studied, this appears most likely to succeed in the role of a cadmium replacement 
for use on threaded fasteners. However, the coating system requires further 
investigation and optimisation before it could become accepted by the aerospace 
industry as a cadmium replacement. 
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Appendix A- Additional Literature 
A. 1 Cadmium As A Pollutantt'l 
While cadmium is recognised as an important trace contaminant in aquatic and 
terrestrial environments, relatively little is known about its ultimate effects on the 
environment. 
A. 1.1 Cadmium As An Atmospheric Pollutant 
Normal concentrations of cadmium in the air range from 0.001-0.05µg/m3, but may 
rise to 5 tg/m3 near to sources of emission. Information regarding the actual chemical 
forms of airborne cadmium is rather limited, although there is significant evidence 
that a number of metals, including cadmium, are concentrated in small respirable 
particles. 
A. 1.2 Cadmium As A Terrestrial Pollutant 
Soil concentrations of cadmium are typically less than lppm, but may rise to around 
100ppm as a result of aerial deposition, irrigation with contaminated water, 
application of sewage-sludge or super-phosphate fertilisers, pesticides containing 
cadmium or by the discharge of solid/liquid waste from industrial/urban/metallurgical 
mining activities. 
Problems with cadmium getting into the food chain, via accumulation by plants are 
not as great as one may initially think. The uptake of cadmium by plants is not only 
governed by soil concentrations of the metal alone, but also soil pH, plant species, 
presence of other trace materials, and in the case of soils treated with sewage sludge, 
the rate of sludge application. 
A. 1.3 Cadmium As An Aquatic Pollutant 
In aqueous environments, including soil solutions, the Cd 2+ ion may react in a variety 
of ways to form complex, ionic or molecular species [Cd(H2O)X2+, etc]. It may also 
react by means of precipitation and co-precipitation, incorporation into mineral lattice 
structures, accumulation in or fixation by biological materials, complexing with 
chelating agents, or adsorption on clay minerals and humus materials. 
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In non-polluted waters, cadmium concentrations are usually less than 1µg/kg, but can 
show more than two orders of magnitude variation. Cadmium concentrations in man- 
made sediments have shown the largest relative increase of any of the heavy metals, 
when compared to natural conditions. It has been suggested that greater use of 
cadmium containing compounds accelerates mobilisation and transport rates of the 
metal. These rates far exceeded those of the natural cycling process, leading to an 
increased deposition of cadmium in the atmospheric, aquatic and terrestrial 
environments, with an increased uptake by living organisms. 
Stream-tagging experiments have demonstrated that cadmium is accumulated, but not 
to the extent of mercury. In addition, cadmium appears to be less mobile than mercury 
in aquatic environments. 
In land-water studies, the majority of cadmium added via atmospheric means was tied 
up in the soil, whereas in fresh-water systems the majority was tied up in sediments. 
Movement of cadmium through estuarine ecosystems and its uptake by edible 
shellfish are thought to be governed by water salinity and other such variables. 
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A. 2 Cadmium Toxicology 
A. 2.1 Tests On Humans 
Due to the concerns mentioned in section 1.2, a number of studies were initiated to 
investigate the possibility of a connection between cadmium and cancer. The first of 
which, carried out by POTTSt41, was completed in 1965. It investigated British men 
exposed to cadmium oxide dust while working in a nickel-cadmium battery factory. 
This work was rather limited, so KIPLING AND WATERHOUSE 151 conducted their 
own study based around that of POTTS. Exposure to the dust had been heavy, giving 
rise to chronic poisoning and four cases of death from prostate cancer, when less than 
one was expected. A year later, in 1968, HUMPERDINK161 reported that, after 
investigating German workers, there was no apparent relationship between cadmium 
exposure and cancer. However, there was no mention of the prostate in this report. In 
1974, FRIBERG et J71 concluded that: "The carcinogenic evidence of cadmium in 
human beings is by no means conclusive, but fully motivates further intensified 
studies in groups exposed industrially, as well as from food and ambient air". An 
updated version of the study by KIPLING AND WATERHOUSE was published in 
1983 by SORAHAN AND WATERHOUSEt81. They found no new evidence of an 
association between prostate cancer and cadmium exposure, but an increase in 
respiratory tract cancer was noted. However, no data on smoking habits was provided, 
and exposure to other substances such as nickel hydroxide dust and oxy-acetylene 
welding fume may have occurred. Following tests on animals, the International 
Agency for Research on Cancer, IARCt91, concluded that; "Available studies indicate 
that occupational exposure to cadmium in some form (possibly as oxide) increases the 
risk of prostate cancer in man. In addition, one of these studies suggests an increased 
risk of respiratory tract cancer". 
Similar studies were carried out for other fields of work where cadmium exposure was 
expected, such as electroplating, and the chemicals and plastics industries. 
Occupational exposure was not just limited to that of the pure metal but also of 
cadmium oxide fume. This could be found in industrial plant smelting and refining the 
metal and in the production of copper-cadmium and brazing alloys. One example of 
such research is that by LEMEN et al 1101, in which workers exposed to cadmium 
oxide dust or fume in a smelter were investigated. The smelter was concerned with the 
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refining of cadmium from processed ore, so concentrations of other metals were 
relatively low. There was a significant excess of respiratory tract cancer and four 
deaths from prostate cancer when an average of only 1.15 was expected. Again, no 
data on smoking habits was given. These cases were not strictly due to cadmium 
exposure, since there was a long duration between first exposure and the initial onset 
of cancer. The authors concluded that the results "implicate cadmium exposure as the 
cause of certain types of malignant disease". An updated study1tl1 based around that of 
LEMEN et al concluded that there was an association between cumulative exposure 
to cadmium and lung cancer, however, like so many other studies, no data on smoking 
habits was provided. FRIBERGt121 carried out studies on workers in a battery factory, 
while KJELLSTRÖM et all 131 investigated workers in a copper alloy plant. An 
increased number of prostatic cancer cases were found in both of these studies, but it 
could be statistically proven that there was no real increase in risk. Workers from 17 
major UK plants (five industries: 64% primary cadmium production, 14% silver- 
cadmium alloys, 8% copper-cadmium alloys, 8% pigments and oxides, and 6% 
stabilisers. ) using cadmium were investigated in a number of studies by KAZANTZIS 
et altla''s''61 The number of deaths from lung and stomach cancers were slightly 
higher than expected, with lung cancer being predominant in men employed before 
1940. There was also some indication of an association with the intensity of exposure. 
The cases of stomach cancer were difficult to interpret because it occurred mainly in 
workers exposed to low levels for a short period of time. The incidence of deaths 
caused by prostate cancer was said to be average. The conclusion drawn from these 
studies was that there was no significant association between cadmium and cancer. In 
a further study [171 on workers from a non-ferrous smelter, it was found that the number 
of lung cancer deaths was significantly higher than expected in groups exposed for 
greater than 20 years. This trend increased with longer duration of employment. 
However, matched-case control studies showed no evidence of an association between 
lung cancer and cadmium, but there is such evidence for lead and arsenic. Therefore, 
the excess of lung cancer was not associated with cadmium, but other substances such 
as arsenic. 
A. 2.2 Tests On Animals 
A number of tests were carried out on rats and mice 13j, whereby cadmium was 
administered as metal powder, sulfide, chloride, sulfate or contaminated ferritin by 
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subcutaneous (under the skin) or intro-muscular (into muscle tissue) injection. The 
doses given were large and in several cases, resulted in sarcoma (a tumour, which is 
usually highly malignant) at the injection site. Also, after some initial testicular 
damage, tumours developed in the testes. However, it has been demonstrated that 
lower doses, ones not capable of producing testicular damage, would still produce 
sarcoma at injection sites. In research by LEVY et ah18,19,201, rats and mice were 
administered weekly doses of cadmium by stomach tube, while some rats were given 
weekly subcutaneous injections. Microscopic examination of the prostate did not 
reveal any neoplastic (formation and growth of a tumour) or prenoplastic (preceding 
formation of any neoplasm, i. e. benign or malignant) changes. SCOTT AND 
AUGHEY1211 examined the prostate glands of 50 rats after administering between one 
to five subcutaneous injections of cadmium chloride in lethal doses. They stated that 
"a possible early adeno-carcinoma has been observed". (Adeno-carcinornu is where a 
malignant growth occurs, but does not invade new cells. ) 
In his review of cadmium carcinogenisis, PISCATOR 131 stated that in other long-term 
tests, rats and mice were given drinking water contaminated with Sing/I cadmium. 
The results obtained were not consistent, since more tumours were found in exposed 
rats when compared with non-exposed controls, whereas the opposite was found with 
mice. 
A number of studies, mainly concerned with the effects of orally administered 
cadmium, were reviewed in a recent publication produced by the Health and Safety 
Executive [221. In several of these studies, rats were orally exposed to cadmium oxide 
dust and fume, or aerosols of cadmium chloride, cadmium sulfide or cadmium sulfate 
at levels of 30µg/m3 and above. Often, an increase in the number of macroscopically 
observed lung nodules and tumours (both benign and malignant) was detected. These 
were found to be independent of dose, but more dependent upon the overall duration 
of exposure. A `no-effect' level of 10µg/m3 was established for cadmium oxide fume 
where only lung nodules occurred, but no such values were determined for the other 
compounds mentioned above. Similar studies on hamsters showed no increase in the 
incidence of lung tumours, however there was some evidence of hyperplastic 
(increase in number of individual tissue elements, excluding tumour formation, 
whereby the bulk of the organ is increased. ) behaviour in the lung. It should be noted, 
however, that the number of animals tested was too small for any definite conclusions 
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to be drawn. It was stated that tests carried out on mice resulted in a significant 
increase in the number of lung tumours found, when compared to unexposed controls. 
Authors of the aforementioned publication concluded, "the cadmium compounds 
studied are clearly carcinogenic to the rat following inhalation exposure. From the 
data presented in the study reports, the studies in hamsters and mice were inadequate 
for definite conclusions to be drawn". 
When interpreting data from the experimental exposure of rats and mice, it is 
important to remember that the prostate gland of these creatures is quite different to 
that of humans, so different effects are not out of the question. The prostate of 
monkeys and dogs are more comparable to that of humans in most respects, but no 
trials have been carried out using such animals. Another point of note is that while 
prostate cancer is a common disease among older human beings, especially in some 
European countries and the USA, its natural occurrence among rats and mice is very 
low 
A. 2.3 Human Exposure 
The average daily intake of cadmium via food for Swedish and American nationals 
[l9s1 can be as high as 20µg, whereas it can be more than twice as high in Japan 
However, daily levels can vary as a result of dietary habits, since absorption is 
influenced by the presence of other substances in the diet (e. g. calcium and iron) and 
deficiency states. Table 43 summarises the average human intake of cadmium in the 
UK. 
Source Daily intake (µg) Daily absorption (µg) 
Food 17.9 1.07 
Drink 1-2 0.06-0.12 
Respiration 0.1 0.06 
Smoking 
filtered cigarettes 
unfiltered cigarettes 
1.4 
6.0 
0.5-0.9 
2-4 
Table 43, Average intake and absorption of cadmium by man in the UK'1961. 
A. 2.4 Effects On The Human Body [1961 
The effects of low-level cadmium exposure via breathing contaminated air or by 
ingesting contaminated food have been investigated in many countries. . 
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After ingestion of cadmium, it is usually the kidneys which first suffer damage. 
Concentrations of approximately 200ppm net weight of renal cortex (outer portion of 
the kidney) are enough to cause failure. Damage is characterised by the excretion of 
proteins, amino acids and sugars (particularly glucose) in urine, and an increase in 
urinary excretion of cadmium. After which, kidney concentrations may fall to less 
than 100ppm, but liver concentrations may still remain high. Irreversible damage is 
believed to occur at levels of between 100-300ppm (net weight of renal cortex) for 
long-term low-level exposure. 
After oral ingestion of cadmium in amounts to produce acute effects, initial symptoms 
include nausea, vomiting, diarrhoea, muscular cramp and salivation. In fatal cases, 
these symptoms are -succeeded by either shock (caused by the loss of body fluid) and 
death within 24 hours, or severe kidney failure and depression of the heart and lung, 
followed by death within 7-14 days! Some liver damage may also occur. Table 44 
shows some of the effects that certain doses of orally administered cadmium have on 
man. 
Cadmium concentration Effect 
67ppm Acute sickness 
800ppm (in coffee) 
126ppm (in bottle of wine) 
Acute poisoning 
3-90mg Emetic threshold 
350-3500mg Lethal dose 
Table 44, Effects of various cadmium concentrations, administered orally11961. 
Particle size and type of cadmium compound is an important consideration when 
discussing the effects of airborne cadmium. Particles formed from cadmium oxide 
fume are small, absorbed relatively easily and generally deposited in the lower part of 
the respiratory tract and alveoli (plural term used to describe small air cells found in 
the lung where gas exchange between the lung and blood is thought to occur). Larger 
particles, such as cadmium sulfide, have relatively low absorption and are mainly 
deposited in the upper respiratory tract. Another complicating factor among industrial 
workers, is secondary exposure from smoking contaminated tobacco products. It has 
been estimated that smokers inhale a few µg of cadmium daily due to its presence in 
tobacco, and several studies have shown smokers to have higher renal (meaning of 
the kidney, or kidneys) concentrations of cadmium than non-smokers of the same 
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age13J. For non-smokers, the most important form of exposure is from the intake of 
contaminated foodstuffs. After inhalation of cadmium compounds, several effects can 
be noted, including severe bronchial and lung irritation, chest pains and nausea. The 
lethal limit for cadmium fume is 2500 min. mg/m3 (or approximately 5mg/m3 for 8 
hours), although experiments on animals suggest a lower level. The toxicity of 
cadmium dust is not very well documented, but a lethal dose in rabbits was found to 
be approximately 8000 min. mg/m3, with a particle size of 5µm. The current UK 
threshold limit values for occupational exposure to airborne cadmium are 0.05mg/111 3 
for oxide fume. The limit for dusts and salts is also 0.05mg/m3, with allowable short- 
term exposure of up to 0.2mg/m3. These limits assume an eight-hour working day for 
five days a week. 
Other effects may include anosmia (loss of smell), increased likelihood of the 
formation of kidney stones and symptoms similar to the Itai-Itai disease (e. g. bone 
brittleness and deformation). 
A. 2.5 Possible Mechanism Of Cancer Instigation (31 
Cadmium is thought to influence the prostate in a number of ways. Direct interaction 
with zinc is possible. It has been shown that in cancerous prostate tissue, testosterone 
and androstenodione levels are increased, whereas dehydrotestosterone levels are 
decreased, while a metal-binding protein, similar to metallothionein, has been found 
in normal and hypertropic (enlarged) prostate tissue. This protein was claimed to have 
some affinity for androgens, and it was speculated that a slight shift in the 
hormone/metal balance might induce prostate cancer. It is also believed that when 
epithelial cells (layer of cells without blood vessels covering all free surfaces) in the 
prostate are saturated with zinc, the reduction of testosterone to dehydrotestosterone 
by thiol groups would be stopped. When zinc is lost via seminal fluid, the activity of a 
5-a-reductase (reduction reaction using an enzyme) is restored, and 
dehydrotestosterone is once-again produced, in turn stimulating new zinc 
incorporation into the cells. In theory, however, the accumulation of cadmium causes 
permanent binding of the thiol-groups and an accumulation of testosterone, which 
could induce or promote the formation of cancer. Accumulation of cadmium in the 
testes might decrease testosterone levels, which could have a protective effect. 
Another possibility is that cadmium accumulates in the pituitary gland which may 
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cause changes in prolactin and LH (hormones produced in the pituitary gland) 
production, thus affecting the hormonal status within the prostate, see Figure 136. 
Pituitary 
' 
9 
7 
0 
Testes `ß 
0 
CL 
os 
fo 
101- 
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J 
Prostate 
Adrenals 
Figure 136, Major hormonal influences on the prostate 131 . 
It has been shown in experiments on animals that cadmium accumulation in the liver 
and kidney also causes zinc to accumulate in these organs. If zinc intake is minimal, 
then cadmium exposure will result in a decrease in testicular zinc concentrations, as 
well as a decrease in testosterone production. For many humans zinc intake is low and 
it is likely that workers exposed to cadmium may have had a zinc deficiency which, 
together with cadmium accumulation, might promote the mechanisms outlined above. 
PISCATOR[31 concluded that; "If there is a cancer-promoting action from large doses 
of cadmium, it is probably indirect, meditated through the hormonal systems 
regulating metabolism of prostatic cells". 
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A. 3 Tribology 
A. 3.1 The Tribological Aspect Number 
VOITIK11"1 devised a numerical coding system, called the Tribological Aspect 
Number (TAN), where four digits are used to describe the contact situation of either 
test machines or specific applications. Test machine selection is, therefore, simplified 
to matching the TAN code for a machine to that arrived at for a specific application to 
be simulated. Each digit of the TAN code relates each of the categories below. For 
each category, there are a number of variants, given by the numbers in brackets. 
" Contact velocity characteristics (4) 
" Contact area characteristics (8) 
" Contact pressure characteristics (3) 
" Entry angle characteristics (10) 
As can be seen, these categories are mechanically based, so TAN codes, on their own, 
do not fully describe a tribosystem. 
A. 3.2 Design And Selection Of Test Machines 
Hundreds of devices exist for measuring the coefficient of friction between two or 
more surfaces, but they all share the following common features: 
" Provision of a means to fix or otherwise support two bodies for which the 
friction data is required. 
" Provision of a means to move the bodies relative to each other. 
" Provision of a means to apply a normal force. 
" Provision of a means to measure the friction force. 
When selecting or designing machines for the measurement of friction, some, but not 
necessarily all, of the following factors (adapted from BLAU [1371) should be 
considered, depending upon the nature and intent of the proposed test. 
" Form and quantity of the materials may limit the choice in testing 
equipment and methods. 
" Whether or not to clean or otherwise prepare the surfaces of the specimens, 
i. e. some tests may dictate that the materials are tested `as-received'. 
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" If the samples are to be cleaned, how should it be done? What is the 
appropriate time between cleaning and testing? 
" What surface roughness should be used, and is lay a factor? They should 
ideally match those of the intended application. 
" Is the sliding motion intermittent or continuous, and is stick-slip of interest? 
" Should more than one load, contact pressure and/or velocity be used? 
" Are the materials frictionally sensitive to the environment? 
" Should attempts be made to control the environment of testing, or should it 
just be noted? 
" Are the stiffness and harmonic characteristics of the testing machine 
important? If doing simulations do they match those of the final 
application? 
" What kind of force sensing system is to be used? Is the data to be recorded? 
If so, at what sampling rate or interval? 
" How many tests per combination are needed to obtain a representative 
value? 
" If lubricated, how should the lubricant be applied? How often should it be 
changed? 
" What kinds of descriptors are needed to fully characterise the testing 
conditions, lubricants and materials used so that there is no doubt as to the 
procedure and so that no anomalous results can be interpreted based on not 
having adequately detailed the information? The need for detailed testing 
information is not reserved solely for `scientific research' studies. - 
The above list can be simplified somewhat into five categories, as follows: 
" Macro-contact geometry, stiffness and vibration damping 
" Type and magnitude of the relative motion 
" Magnitude of the normal force applied to the contact 
" Whether environmental or temperature control is needed 
" Condition and preparation of the materials 
The large scale contact geometry affects stress distributions and their magnitude. This 
also affects the flow of any liquid lubricants that may be present. Uniformity of 
sliding motion and the possibility of mechanical vibrations can be affected by the 
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tribometer's stiffness, which in turn can be affected by the type of sensing device 
used. The type of relative motion affects all surface texture development, debris 
entrapment, and the dissipation of frictional heat. Attempts to control temperature and 
the environment can often make measurement of the friction force more difficult. This 
is because some types of force sensor are affected by heat and corrosive 
environments, and need some kind of isolation. Finally, initial condition and 
preparation of the samples affects repeatability of the tests, and relevance with respect 
to the intended end use. 
If the effects of localised surface features and surface micro-topography are of 
interest, then a small contact area is needed. This area will need to be on a scale 
similar to that of the individual asperity sizes and microstructural features of interest. 
As contact area is increased, the effects of individual asperities are averaged out and 
the values of friction coefficient obtained become more stable. 
Slider sharpness is an important consideration when designing tribometer devices. If 
the slider were in the form of a hard sharp needle, then it would penetrate the 
contacting surface more deeply than say a soft blunt cone or sphere. Consequently, the 
force required to move the slider across a surface is higher for a needle than it is for 
shallow cones or spheres. Some laboratories report scratching coefficients as opposed 
to friction coefficients when sharp sliders are used to conduct the tests. 
There are many tribometers in use which have been designed incorrectly, since they 
have often been built by scientists with limited or no practical experience in 
engineering design methodology. This results in machines that have various flaws in 
their operation. Some may produce unwanted stick-slip type friction, while others 
may produce the desired friction response but prove difficult or awkward to operate. 
Another obvious problem is that of excessive friction in fixtures and bearings, leading 
to errors in the measured friction coefficient, especially at low normal loads. 
A. 3.3 Typical Devices Used In Friction Measurement 
There are many devices used for testing the frictional properties of materials, 
however, some of these are not commonly available. For the purposes of this review, 
only the most common types will be considered. 
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A. 3.3.1 Sled Type Tests 
There are two basic types of sled test available, see Figure 137. The top of Figure 137 
shows a schematic of the inclined plane tribometer. These devices can be made at a 
low cost for basic friction tests. There are elaborate commercial versions available 
with motor drives to tilt the plane and electronic sensors to measure the angle of 
inclination and/or detect motion of the test specimen. These are far more accurate and 
reliable than the basic `home-made' types. The sled and tilting slide should be made 
up from the materials to be tested, or alternatively, the materials could be mounted 
onto them. To determine the coefficient of friction using this apparatus, the tilting 
slide should be raised until the sled begins to slip. At this point, the angle of 
inclination (9) should be measured using a protractor or a similar device, and the 
coefficient of friction determined using eqn. 19 from section 5.3. 
As can be seen, knowledge of the sled mass is not necessarily needed. One point of 
note is that as the slide is tilted, a small forward shift in the mass distribution occurs. 
This may increase the static coefficient of friction slightly, as compared to the second 
type of sled type test, the break-away test. 
A schematic of the break-away test is shown at the bottom of Figure 137. Again, this 
can be made at a low cost, or commercial devices are available for measuring friction 
in polymers and textiles. In the diagram, a simple pulley and mass system is used to 
apply the tangential force needed to initiate sliding. The mass is increased until the 
sled begins to slip. Other methods are available, such as pulling with a spring balance 
or similar device, or pulling the sled with a motor drive, while monitoring the friction 
force with sensors. As previously mentioned, BUDINSKI11361 pointed out that stick- 
slip behaviour and higher static friction coefficients may result if nylon fishing line is 
used to pull the sled. He found that this could be largely overcome by using stiffer 
wire. 
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µsk=m31(m1+m2) 
Figure 137, Basic types of sled test 1371 
A. 3.3.2 Other Types Of Test 
Although the schematic for the Double Rub Shoe test, Figure 138, shows flat shoes, 
some versions use conformal shoes with a curved contour. This test was used by 
STUPP AND WRIGHT' 19" in 1963 for the screening of solid lubricants. 
P P 
Figure 138, Double rub shoe test ý7ý. 
Reciprocating Pin-On-Flat tests, Figure 139, date back to the 1930's when BOWDEN 
AND LEBEN11991 used a similar device for measuring reciprocating friction under low 
loads. It is still widely used today, particularly in the automotive and lubrication 
industries to screen materials, coatings and oils for cylinder/piston ring friction. 
Commercial versions of the test are available for testing cylinder-on-flat sliding and 
the friction of piston-ring segments on cylinder liner material. 
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P 
FF 
Figure 139, Reciprocating pin-on-flat teste371. 
The Disc-On-Disc Test, Figure 140, is primarily used to study contact friction, wear 
and different states of lubrication under conditions of both rolling and sliding. It is 
commonly referred to as a traction test. Although the schematic shows both of the 
rollers rotating, some versions of the test only use one rotating roller, with the other 
one being fixed. Other machines use a crowned roller in conjunction with a flat roller, 
in order to obtain better alignment or produce a more concentrated effect. Some 
machines use geared rollers to obtain degrees of slip, while others may use separate 
motor drives for each. 
P 
P 
rpm, = rpm2 (rolling) 
rpm1 rpm2 (slip) 
Figure 140, Disc-on-disc test11371. 
The thrust washer type test, Figure 141, consists of an upper specimen that is dead 
weighted vertically against a lower sample. This lower sample is then mounted on a 
rotating fixture, moved by means of a torque arm arrangement running on an anti- 
friction bearing. The test samples should initially be `run-in' by rotating the torque 
arm through 360° before any attempts are made to determine the coefficient of 
friction. Dynamic friction torque is measured using the torque arm. These tests are 
usually used for testing the friction coefficients of face-seal materials and materials 
used in metalworking processes. They have also been used for determining the wear 
rates of self-lubricating materials, such as polymer composites. 
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Figure 141, Thrust washer type test 11171 . 
The Pin-In-Vee Block test, Figure 142, is primarily used as a test for screening the 
antiseizure properties of lubricants. The possibility of using this test for screening 
friction and wear of materials in recycled engine oils was investigated by IVES ANI) 
BOYERI2M]. They concluded that the test was unsuitable for this purpose, because 
there were problems associated with the load calibration procedure. One of which, 
was the need to distribute the load evenly across each of the four contact points. 
p__ 
__ 
P 
Figure 142, Pin-in-vee block test11371. 
An easy method of measuring sliding friction is to use a dynamometer, see Figure 
143. In operation, the friction force is continuously monitored by strain gauges, which 
can be connected to a computer or data-logger to give a visual representation of the 
frictional behaviour. 
Flexible arm-,,, 
Counter- 
weight 
Weight pan 
Uý 
Pillow 
block 
Rider 
Flat surface 
Strain ring Stiff arm 
Strain gages 
['1' 
Figure 143, Dynamometer 
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The capstan test is another type of device used for the investigation of friction, see 
Figure 144. It is so called because its principle of operation is similar to that of 
capstans used to hold lines under tension. This test is mainly used to measure the 
friction coefficient of belts, cables, rope or web sliding over a cylinder. It is useful in 
simulating slip of belts on drive systems, or slip of plastic films on rollers during their 
manufacture. Both static and kinetic friction coefficients can be determined using this 
technique. 
v 
µs=(2/n) In (T/W) 
F 
f 
I 
1 
F1 
V= 
(7)(r+0.5 
) 
in 
(F En ) 
r 
. 
Figure 144, Capstan test) 1371 
A. 3.4 Typical Force Sensors Used In Friction Measurement 
Figure 145 shows some of the more common force sensors available that have found 
use in tribometers. With some of these, it is important that the sensor is suitably sized 
for the friction forces expected, otherwise damage could result or meaningless data 
may be obtained. 
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fir. 
(1) (b) 
Ttl; 
ý 
(c) (ý) 
Figure 145, Typical force sensors used in friction measurement, 138,. (a) Strain 
ring with strain gauges. (b) Strain gauge load cell. (c) Mechanical force gauge. 
(d) Inclined plane. 
Strain ring devices commonly feature four strain gauges adhesively bonded to the ring 
and electrically connected to form a Wheatstone bridge. These devices are typically 
assembled in the test laboratory, however they do require a degree of expertise during 
assembly because of the delicate nature of strain gauges. Measurement devices based 
on the strain ring can be very accurate because the ring can be made as heavy or light 
as desired, increasing or decreasing the system stiffness accordingly. These tend to be 
more delicate than `off-the-shelf' strain gauge devices, while humidity and 
temperature can affect the adhesives used. 
Load cells differ from strain rings in that they have the load cells mounted on an 
internal diaphragm. They tend to be more durable than equivalent strain ring devices, 
although they can be destroyed by momentary loads greater than their total load 
capacity, necessitating expensive replacement. Some companies, however, offer 
versions with mechanical stops to prevent such damage. 
It is well known that force measurements can be made using a device based on a 
spring and slider arrangement. There are, however, two distinct disadvantages with 
this system, the first and most important being that it is too easy to make errors when 
reading the device, and the second is that there is no possibility for recording the data 
obtained. 
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If one of the electronic devices is used to measure the friction force, two methods are 
available for recording the resulting data. The first is to download the data into a 
computer. However, this means that none of the data will be missed and any large 
friction spikes are also recorded, which in turn can make statistical analysis of the 
results particularly difficult. Digital filtering techniques can be used, but it is generally 
felt that these are not advanced enough to provide adequate control over the filtering 
process. Chart recorders are another option, and these provide adequate noise filtering 
and reasonable measurements of the friction force for most purposes. 
A. 3.5 Standardisation Of Friction Tests 
It is rather difficult to produce international standards for friction testing because there 
are too many variables to make such tests wholly reproducible, see section A. 3.2 on 
the design and selection of test machines. Also, there are no material combinations 
that give consistent values of friction coefficient, irrespective of the method of 
measurement. Therefore, it is impossible to produce standard reference samples for 
calibration purposes. 
If enough samples are to be investigated using certain types of test, then it is worth 
going through the process of developing new standards, whether they be on a 
laboratory, company, national or an international scale. 
A. 3.6 Effects Of Wear On Friction Test Results 
Figure 146 shows three typical plots taken from wear tests where the friction force 
was monitored over a period of time. Graph (a) shows a system that did not 
experience any wear or any change in behaviour as wear occurred. As can be seen, the 
friction force is relatively stable over the duration of test. Under circumstances such 
as these, environmental effects like humidity, temperature, etc. may cause the friction 
force to alter with time. Graph (b) shows a system where the friction force increases 
with time until it reaches a steady-state condition. The friction force is initially low 
when the sliding members have their original surfaces, it then rises as wear takes 
place, eventually reaching a steady-state condition as the samples wear together. This 
kind of behaviour is typical of systems where severe wear takes place. Graph (c) 
shows a system where the friction force varies as different wear events take place over 
the test duration. This is typical of the type of results obtained when wear debris 
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becomes entrapped during sliding. Wear debris can have either a lubricating or non- 
lubricating effect upon a system depending upon how it separates the surfaces. With 
the example shown, friction was constant initially, but as wear occurred there was a 
friction `event' where the force varied somewhat because of the entrapment of wear 
particles. Wear is a statistical process, so another `event' may take place to remove 
some or all of the entrapped debris, again affecting friction. This erratic behaviour 
may not just be due to the effects of wear, but if the test is run for a long time scale, 
then environmental effects may start to play a vital part in producing such a response. 
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Figure 146, Effects of system wear on friction forcet13AJ. (a) System that does not 
experience any wear or changes in friction behaviour when wear occurs. (b) 
System where friction force increases with time until reaching a steady-state 
condition. (c) System where friction force varies with each event in the wear 
process. 
A. 3.7 Documentation Of Test Conditions 
When conducting friction tests, it is essential that adequate information is provided to 
make the tests reasonably repeatable. Major, or even subtle, differences between test 
procedures can lead to vast differences between the results obtained. The test system 
used, the state of lubrication, temperature, humidity, and others are all obvious factors 
on which to provide information for the purposes of fully describing a friction test. It 
is far too easy to neglect important materials specific data, such as structure, surface 
texture, presence of surface films, heat-treatment, etc. 
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Appendix B- Tribometer Design 
After contacting several instrumentation companies, a decision was made to build the 
friction testing device `in-house', due to cost and the lack of devices for testing a 
range of materials (the vast majority appeared to be for testing the friction properties 
of polymers and/or paper). 
For the purpose of screening electrodeposited coatings, a basic test was deemed most 
appropriate. Sled type tests appeared to be the most simplistic in terms of operation 
and manufacture. There was some hesitation in selecting which of the sled tests to 
pursue, since both have their own individual drawbacks. Finally, it was decided that 
the device should be designed as an inclined plane type test, but with the capability of 
being easily modified at a later date for standard sled type tests. Several different 
coating types were to be tested, each having slightly different frictional properties, so 
the test apparatus was designed to allow easy removal of the slideway for replacement 
with a different material. The device size and weight were kept to a minimum for ease 
of storage and moving around the laboratory. It also had to be stiff enough to resist 
bending, which could lead to erroneous results. For these reasons, the base was 
fabricated from angle section mild steel, while the slideway was a relatively thick 
sheet of 7075-T6 aluminium alloy. The fabricated steel base also allowed a simple 
raising mechanism to be conveniently placed so as not to obstruct any part of the 
slideway. 
As mentioned above, it was necessary that the slideway did not deflect to any 
appreciable extent during the friction tests. Some preliminary beam bending 
calculations were carried out using eqns. 37 and 38, in order to determine the 
optimum thickness of aluminium sheet necessary to avoid flexing of the slideway. 
The results of these calculations are summarised in Table 45. 
Design equation for a simple cantilever beam: 
L (max. 0.5kg) 
lb(=0.5m) `Idmax d 
(Lg)lb3 
°'ý` 3MYI,, 
(egn. 37) 
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Design equation for a beam in double support: 
L (max. 0.5kg) 
dm __ 
(LS)(0.5'b )3 
(eqn. 38) 
48M y In 
In the above equations, dis the maximum beam deflection possible, L is the load 
being applied to the beam, lb is the beam length and My is Young's modulus of 
elasticity (approximately 72.5GPa). In is the moment of inertia worked out using eqn. 
39, where h is the beam thickness. 
lbh 
12 
(eqn. 39) 
Beam thickness (mm) 
Beam deflection (mm) 
Simple cantilever Double support 
3 2.5 0.02 
4 1.06 0.008 
5 0.54 0.004 
6 0.31 Negligible 
Table 45, Results of beam deflection calculations. 
The sled was designed with a large pocket in its centre to allow loading with weights 
for simple sled type tests. Two holes were drilled and tapped with a screw thread in 
one end of the sled, allowing pre-drilled test panels (bent over at 90°, 2.5cm from one 
end) to be attached prior to carrying out the test. However, it proved difficult to get 
good alignment of the holes on these panels, so subsequent tests were carried out with 
the panels being attached via two large crocodile clips. The design drawings for both 
the test bed and sled can be found on the following two pages. 
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Appendix D- Raw Data 
D. 1 Weight Loss Of Aluminium Alloys During Galvanic Corrosion 
Weight loss data for aluminium alloys exposed to galvanic corrosion 
Coating System 
Initial 
weight (g) 
Final 
weight (g) 
Immersion 
time (h: m: s) 
Corrosion rate 
(mg"dm'2/day) 
Zn 0.625A/dm 6.059 6.02699 355: 57: 34 21.6 
Zn 5A/dm 6.15126 6.12812 355: 57: 34 15.6 
Zn-Co 0.7A/dm 6.12354 6.10299 355: 57: 34 13.9 
Zn-Co 5A/dm 5.96735 5.94968 355: 57: 34 11.9 
Cd (to Def. Stan. 03-19/1) 6.10109 6.09348 354: 50: 04 5.1 
Zn/(33.1%)PTFE 0.625A/dm 6.05319 6.02949 336: 05: 39 16.9 
Zn/(43.3%)PTFE 5A/dm 5.97031 5.94376 336: 05: 39 19.0 
Zn-Co/(11.6%)PTFE 0.625A/dM2 6.21584 6.18883 336: 05: 39 19.3 
Zn-Co/(34.2%)PTFE 5A/dm 6.12241 6.10443 336: 05: 39 12.8 
Uncoupled corrosion rate of 
2014-T6 aluminium alloy 
6.09419 6.07558 354: 50: 04 12.6 
Table 46, Corrosion rates of 2014-T6 aluminium alloys when coupled to various 
coating systems. Uncoupled corrosion rate is also included for comparison. 
Coating System 
Initial 
weight (g) 
Final 
weight (g) 
Immersion 
time (h: m: s) 
Corrosion rate 
(mg-dm /day) 
Zn 0.625A/dm 8.47543 8.46376 338: 06: 03 8.3 
Zn 5A/dm 8.66 8.64904 338: 06: 03 7.8 
Zn-Co 0.7A/dm 8.74058 8.72175 338: 06: 03 13.4 
Zn-Co 5A/dm 2 8.66858 8.65964 338: 06: 03 6.3 
Cd (to Def. Stan. 03-19/1) 8.82837 8.82231 354: 50: 04 4.1 
Zn/(33.1%)PTFE 0.625A/dm 8.52969 8.52258 352: 58: 17 4.8 
Zn/(43.3%)PTFE 5A/dm 8.68911 8.68171 352: 58: 17 5.0 
Zn-Co/(11.6%)PTFE 0.625A/dM2 8.87443 8.85582 352: 58: 17 12.7 
Zn-Co/(34.2%)PTFE 5A/dm 8.79281 8.78613 352: 58: 17 4.5 
Uncoupled corrosion rate of 
7075-T6 aluminium alloy 
8.86814 8.86015 354: 50: 04 5.4 
Table 47, Corrosion rates of 7075-T6 aluminium alloys when coupled to various 
coating systems. Uncoupled corrosion rate is also included for comparison. 
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D. 2 Reciprocating Wear Test Data (Line Contact Specimens) 
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Figure 148, Reciprocating wear test data (line contact) for steel on steel. 
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Figure 149, Reciprocating wear test data (line contact) for cadmium on 
cadmium. 
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Figure 150, Reciprocating wear test data (line contact) for zinc on zinc deposited 
at 0.625A/dm2. 
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Figure 151, Reciprocating wear test data (line contact) for zinc on zinc deposited 
at 1.25A/dm2. 
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Figure 152, Reciprocating wear test data (line contact) for zinc on zinc deposited 
at 5A/dm2. 
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Figure 153, Reciprocating wear test data (line contact) for zinc-cobalt on zinc- 
cobalt deposited at 0.7A/dm2. 
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Figure 154, Reciprocating wear test data (line contact) for zinc-cobalt on zinc- 
cobalt deposited at 5A/dm2. 
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Figure 155, Reciprocating wear test data (line contact) for zincIPTFE on 
zinc/PTFE deposited at 0.625A/dm. 2 
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Figure 156, Reciprocating wear test data (line contact) for zinc/PTFE on 
zinc/PTFE deposited at 1.25A/dm2. 
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Figure 157, Reciprocating wear test data (line contact) for zincIPTFE on 
zinc/PTFE deposited at 5A/dm2. 
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Figure 158, Reciprocating wear test data (line contact) for zinc-cobalt/PTFE on 
zinc-cobalt/PTFE deposited at 0.625A/dm. 2 
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Figure 159, Reciprocating wear test data (line contact) for zinc-cobalt/PTFE on 
zinc-cobalt/PTFE deposited at 5A/dm2. 
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D. 3.1 Cathodic Polarisation Data 
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Figure 160, Cathodic polarisation data for mild steel in Na2SO4 solution. 
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Figure 161, Cathodic polarisation data for mild steel in Na2SO4 solution 
containing 30g/l PTFE. 
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Figure 162, Cathodic polarisation data for mild steel in dilute zinc electroplating 
solution. 
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Figure 163, Cathodic polarisation data for mild steel in dilute zinc electroplating 
solution containing 30g/l PTFE. 
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Figure 164, Cathodic polarisation data for mild steel in dilute zinc-cobalt 
electroplating solution. 
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Figure 165, Cathodic polarisation data for mild steel in dilute zinc-cobalt 
electroplating solution containing 30g/l PTFE. 
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Figure 166, Cathodic polarisation data for mild steel in dilute cobalt 
electroplating solution. 
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Figure 167, Cathodic polarisation data for mild steel in dilute zinc-nickel 
electroplating solution. 
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Figure 168, Cathodic polarisation data for mild steel in dilute zinc-nickel 
electroplating solution containing 30g/l PTFE. 
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Figure 169, Cathodic polarisation data for mild steel in dilute nickel 
electroplating solution. 
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D. 3.2 Anodic Polarisation Data 
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Figure 170, Anodic polarisation data for mild steel immersed in 3.5% NaCl 
solution. 
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Figure 171, Anodic polarisation data for electrodeposited cadmium immersed in 
3.5% NaCI solution. 
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Figure 172, Anodic polarisation data for electrodeposited zinc and zinc foil (99% 
purity) immersed in 3.5 % NaCl solution. 
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Figure 173, Anodic polarisation data for electrodeposited zincl(43.3%)PTFE 
immersed in 3.5% NaCI solution. 
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Figure 174, Anodic polarisation data for electrodeposited zinc-cobalt immersed 
in 3.5% NaCl solution. 
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Figure 175, Anodic polarisation data for electrodeposited zinc- 
cobalt/(34.2 %)PTFE immersed in 3.5% NaCl solution. 
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Figure 176, Anodic polarisation data for 2014-T6 aluminium alloy immersed in 
3.5% NaCl solution. 
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Figure 177, Anodic polarisation data for 7075-T6 aluminium alloy immersed in 
3.5% NaCI solution. 
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Appendix E- Coating Evaluation 
E. 1 Weighted Objectives Method 
In order to fulfil the project requirements, a number of criteria/objectives had to be 
met, which were as follows: 
" The coating should have a low coefficient of friction similar to that of 
electrodeposited cadmium. 
9 The coating must demonstrate good corrosion resistance in marine 
atmospheres (barrier protection). 
" The coating must demonstrate good sacrificial properties towards steel. 
" The coating must have excellent galvanic compatibility with aerospace grade 
aluminium alloys (2014-T6 and 7075-T6 in particular). 
Two additional criteria that might be considered are cost and visual appearance. 
Some of these criteria can be considered to be of greater importance than others, so 
weightings were applied ranking their order of importance. In the present situation, it 
was found easier to assign these criteria `points', shared out from a total of 100 points, 
with the most significant criteria having the higher numbers of points allocated to 
them, as follows: 
Criteria Weighting 
Low coefficient of friction 17 
Corrosion resistance (barrier props. ) 17 
Corrosion resistance (sacrificial props. ) 17 
Galvanic compatibility with 2014-T6 17 
Galvanic compatibility with 7075-T6 17 
Cost 11 
Visual appearance 4 
Total = 100 
Table 48, Weighting of evaluation objectives. 
As can be seen, cost and visual appearance are not considered to be as important as 
the other criteria. Visual appearance of the coatings is not really an issue in the 
present work, since the coatings are intended to be functional, as opposed to 
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decorative. Cost, in terms of the cost of chemicals required to make up the 
electroplating baths, is slightly more important, but since cadmium is currently 
blacklisted due to its carcinogenicity, an alternative is required no matter what the 
cost. However, an alternative should be within reasonable cost limitations to make it 
economically attractive and viable for adoption by industry. The other factors are all 
highly important and considered equal, since they could have dramatic effects on 
aircraft safety, especially if the coatings were to be used on fasteners for commercial 
aircraft. 
Each of the criteria stated above were then converted into an easily determined or 
measurable quantity, except for visual appearance, which was assigned a `score' with 
respect to its perceived appearance. These make up the performance parameters for 
the coatings. In the present work, frictional properties have been taken from the 
inclined plane test results, as given in section 12.1. The barrier corrosion resistance of 
these coatings was determined from the times to the formation of a white corrosion 
product, while their sacrificial protection properties were obtained from the times to 
the onset of red corrosion (see sections 11.1.1 and 11.1.2). It must be noted, however, 
that none of the panels were scribed, and that coating porosity was relied upon to give 
an indication of the level of sacrificial protection afforded by these coatings (i. e. the 
coatings perforated in spots). The galvanic compatibility of these coatings with 
aerospace grade aluminium alloys can be related to their effect on the corrosion rate 
of these alloys, as determined in section 11.3.2. Finally, cost has been related to the 
monetary cost of making up one litre of electrolyte in pounds sterling (see Appendix F 
for a cost breakdown). Each of these parameters is given a `utility score' according to 
a scale of one to five points, with each point relating to a range of values. These points 
ranges are given in Table 49 overleaf. 
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Performance and utility scores 
Performance Very poor Poor Average Good Very good 
parameter 
1 2 3 4 5 
Coefficient of friction 0.81 0.80-40.61 0.60--> 0.41 0.40-- 0.21 0.20 
Time to white < 10 11-. 20 21-> 30 31-ý 40 41 
corrosion (hours) 
Time to red corrosion < 60 61-4120 121--)180 181- 240 241 (hours) 
Relative corrosion rate > 8.6 8.5-) 4.6 4.5-- 0.6 0.6-> -3.6 -3.5 of 2014-T6 
Relative corrosion rate > 8.6 8.5-)4.6 4.5-40.6 0.6-> -3.6 < -3.5 of 7075-T6 _ 
Cost for 11 solution (£) 41 31-ý 40 21-ý 30 11-ý 20 <_ 10 
Visual appearance Very poor Poor Satisfactory Good Very good 
Table 49, Utility scores awarded to ranges of results found in the data. 
Finally, the coatings were evaluated by allocating a `score' to each of the measured or 
perceived performance criteria, using the ranges stated in Table 49 above. These 
`scores' were then multiplied by the relevant weighting to give a weighted score, all 
of which were added together to give an overall `score' for each coating system. The 
results of this analysis are given in Table 50 over the next three pages. 
330 
0 
r- 
vý 
0 
... 
t 
W 
i 
w 
C 
aý a. 
d 
Ici 
v 
. 
--ý - M 
Vn 
M 
N --+ 
oo = 
N M N N M 
r- 
O 
10 
ýD O tfi ~ N "O 110 0 
U 
E 
u 
Oý 
O 
O N 0 
s 
cop 
rn 
N 
^C 
CL) 
° w 
Lei 
O N - - M M Wý d' 
U 
a 
Z 
'" 
O\ 
.q 
O 
O 
C -- O 
oo 
M 
O ýp M N 
N 
ýU 
ty 
bA '* N N --ý 
N 
- 
. - tr 
to 
vi 
N 
- 
M 
O v m "-- . N 
22 
ter 
0 N '--i 1--1 --4 M N M 
E Y > "Ci 
N 
. 
Oy+ 
M 
N 
O 
O 
CD D\ 
O\ 
00 
00 
CD 
' ýp 
O 
C 
u O ýD N 00 N 
Ü N 
A O u2 O\, O - E- 
CD \Z 
v7 H 
u 
O 
c cr O uO "C O O O - . -n 4ä sý" vVi 
9 
'*'ý r °= ° c `° 0 ww E ° Uý U w 
o 
- o UO 
O 
> ö 
° 
>o . = 
ä 
CU U 7 , ö. .. 
0 U 0 U > .. 
CL ýýo . -\O 
In u C 
rA CD. vý ° vä 'c 
ft 
U C O ýj 
O oO O 
W 0 0 0 cn > > .. 
M 
M 
c 0 A 
P" 
G 
0 
... 
i 
W 
i 
w 
b 
.Cs, ,n 
oo 
N N 
M 
00 N 
"o Uý 
a 
y 
C 0 p M M O 
- 0 
d 
ý", 00 
IC 
N 
- 
N 
1-4 
- 
V') 
00 
110 
d 
It It 
C" 
N 0 
"C rah,, 
N 
~ lr H f r" N C M ý M ßi O N N 4 O - 
N 
U 
1'" ýh 
M 
d 
M (1) 
00 
110 . - in 
N 
N 
\O 
--+ N 
1.0 
V N N N It M N '1 
b cu 
bA 
5 
v Oý O 
Cý 
C) N It 
tr) 
. o U r- O N C11 O O 
Cý 
O m 
U N ý 
, 
ci 4. ° o i2 LA . 
ö`° 
ý 
ö`o 
H U c. ° o zs ° vo ö 
; ö ä 
u U wp 
E 
0 Cl. 
o 
O 
a) 
N N 
. m E o o 0° cli u, a ° U H i0 2 
U° 0 3 
o U o U 
O 
'ý 
2 
O 
.ý 
v 
9^ 
vý 
G, 
ý 
,ý 
ý 
.o, 
O 
U 1 0 , ý° E- D = E- 
° 'ä a a `, a v' 
S 0 W Ü 
N 
M 
M 
4 
CIO 
0 
E 
: 21 
ö 
.ý 
W 
C 
0 U 
W 
r 
ýo 
I 
Ici 
00 N O V Vf 00 00 00 \O N 
O a4 
G 
twý 0 M V') Lr kn c- N Lfl 
b 
tn 7t cl. N 
0 Iý N -- 
CI: 
aý 
00 00 (n 
00 
"0 
00 
\o 
00 
b ;+ 
F-I 
00 CD 
O 
M N 
00 
N 
U ö ýli "0 - ö o N m 44 
b 
w as 
bA 00 -- N et 
V -- N 
N 
v "c Vi - M M N 
ä 
N ü ýt M r-+ N N - M 
y O 
Ö Ö O V'ý 
N 
O 
U 
C M 
O N 
lý N 
[ý 
N 
Ü N 
44 
o -= cn Z 
O 1C 
F- r 
O \C 
'v F- 
v 
O 
V 9.4 
+a+ CO 
b 
sue 
c n O ý' 
i O ,, - 4ýd 
ci 
vý 
Ü' 
O 
O 
, 
O OU O °+0 0 ö ýt " cý 
0 
O 
+'' o 
C 
a) o 
' ow o_ .c c c i ö ö o o aý o .. F- m ý? ce - U° 
0 
r 
.C 
n ý 4- 
it w La ~ a 
. öw ö 
_ öO ON 
0 CD 
N 
CD O 
U 
o y ý, . moo 0. o 
S W U U C > 7 C7 
as v 
0 
a 
C 
O 
y 
O 
O 
CCM 
bA 
C 
CAS 
O 
V 
. C: 
w 
O 
D 
ýi 
O 
ti 
Eý 
Appendix E- Coating Evaluation M. Simmons 
As can be seen from the evaluation results, electrodeposited cadmium obtained the 
highest score, with 416 points, indicating that it was the best coating system out of all 
those tested. This is hardly surprising, since none of the other coating systems have 
received any significant amounts of optimisation. The second highest score, and hence 
best alternative to cadmium, was achieved by the zinc-cobalt/(34.2%)PTFE composite 
deposited at 5A/dm2, which obtained 384 points. It can be seen that this, and, the other 
zinc-cobalt alloy coatings, tended to lose a significant number of points in terms of 
cost, since the high price of cobalt salts forced the cost for one litre of electrolyte 
above £38.00. If this cost could be lowered, e. g. by decreasing the overall metal 
content within the electrolyte, then these zinc-cobalt/PTFE composites might be able 
to achieve a total utility score similar to that obtained for the cadmium coatings. Even 
though these electrolytes are presently quite expensive to make-up (on a laboratory 
scale), it is believed that these costs are offset somewhat by the less stringent, and 
hence cheaper, effluent and waste treatment operations that plague plating shops 
depositing cadmium coatings. The PTFE would not even be too problematic, since 
this could easily be removed by filtration; however, multi-stage filtration might have 
to be employed to ensure removal of the finest particles. It should also be remembered 
that the costing analysis presented in Appendix F is only for `small-scale' chemical 
purchases, and is not representative of the cost for industrial scale purchases. In 
industrial type processes, the chemicals would be bought in bulk, often at significantly 
discounted prices. The fact that many surface finishing companies are now offering 
zinc-cobalt coatings instead of zinc or cadmium suggests that the deposition of this 
alloy must be economically viable. 
So, the culmination of this work suggests that a zinc-cobalt/PTFE composite coating 
containing 34.2 volume percent PTFE and 0.2 weight percent cobalt could prove 
highly effective as a replacement to electrodeposited cadmium. 
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Appendix F- Cost Analysis 
Cost analysis for laboratory scale sulfate based electroplating baths. 
All prices are based on those printed in the 2001 Fisher Scientific (Ltd) Chemicals 
catalogue. 
500g ZnSO4.7H2O =£ 11.50+VAT 
500g CoSO4.7H2O = £70.45+VAT 
500g Na2SO4 = £6.85+VAT 
PTFE dispersion (equivalent to lk/g solid) = £120.00(; n,. vn"r) 
Acid zinc electrolyte: 
300g/1 ZnSO4.7H2O = £6.90 
80g/1 Na2SO4 = £1.096 
Total cost for one litre = £7.996+vnT = £9.40 per litre of solution. 
Acid zinc-cobalt electrolyte: 
620g/1 ZnSO4.7H2O = £14.26 
125g/1 CoSO4.7H2O = £17.605 
75g/1 Na2SO4 = £1.0275 
Total cost for one litre = £32.8925+vnT = £38.65 per litre of solution. 
Acid zincIPTFE electrolyte: 
Standard electrolyte = £9.40 
30g/1 PTFE = £3.60 
Total cost for one litre = £13.00 per litre of solution. 
Acid zinc-cobalt/PTFE electrolyte: 
Standard electrolyte = £38.65 
30g/1 PTFE = £3.60 
Total cost for one litre = £42.25 per litre of solution. 
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Appendix F- Cost Analysis M. Simmons 
Unfortunately, it proved difficult to carry out a similar costing analysis for a 
commercial cadmium electroplating bath. However, it is envisaged that this would be 
particularly expensive to operate due to the various organic additives required to 
obtain the lustrous deposits commonly associated with commercial cadmium 
electroplating. Relative to the cost of the electrolytes above, it is believed that a 
cadmium electroplating bath would probably fall into the mid- to high price band 
presented in Appendix E[M3]. 
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